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Oxidative Modifications of Pentafluorophenylporphyrin 
Nisansala Pitiduwa-Hewage, Ph.D. 
University of Connecticut, 2018 
This thesis focuses on the development of new synthetic methodologies toward the conversion 
of porphyrins into pyrrole-modified porphyrinoids (PMPs), (hydro)porphyrin analogues containing 
one or two non-pyrrolic building blocks. The known oxidative strategies pursued to convert the 
meso-tetraarylporphyrins to a range of β-, meso-, and N-oxidized derivatives are reviewed in 
Chapter 1. This overview is organized by the position of the attack of the reagents. 
One of the key chemical oxidations known to convert specifically one β,β’-position of porphyrins 
to generate a dihydroxychlorin is the OsO4-mediated dihydroxylation. The resulting dihydroxy-
chlorin can undergo further reactions. One of them results in the formation of chromene-annulated 
chlorins in which one of the hydroxy groups is linked to the ortho-position of a flanking meso-C6F5 
group, thereby forming an annulated chromene moiety; the second hydroxy group remains 
unprotected. The oxidation chemistry of the chromene-annulated chlorin under a number of 
oxidation conditions is reported in Chapter 2. 
Porpholactones are a class of PMPs in which β,β’-carbon atoms were replaced by a lactone 
moiety. Chapter 3 details the rational synthesis of all five possible meso-tetrakis(penta-
fluorophenyl)dilactone isomers along controlled, stepwise synthetic pathways. Direct oxidations 
of meso-tetrakis(pentafluorophenyl)porphyrin are also described.  
In Chapter 4 we expand the concept of the step-wise and direct oxidative transformations of 
porphyrins to form chemically robust hexahydroxypyrrocorphins, members of a rare class of 
porphyrinoids in which three β,β’-carbon bonds were modified, and their oxidative conversion to 
the corresponding pyrrocorphinotrilactone isomers. 
  
 
i 
Oxidative Modifications of Pentafluorophenylporphyrin 
 
Nisansala Pitiduwa-Hewage 
 
B.S., Nisansala Hewage, 2010 
 
 
A Dissertation 
Submitted in Partial Fulfillment of the 
Requirements for the Degree of 
Doctor of Philosophy 
at the 
University of Connecticut  
 
2018 
  
  
 
ii 
Copyright by 
Nisansala Pitiduwa-Hewage 
 
2018  
  
 
iii 
APPROVAL PAGE 
Oxidative Modifications of Pentafluorophenylporphyrin 
 
Presented by 
Nisansala Pitiduwa-Hewage, B.S. 
 
Major Advisor 
___________________________________________________________________ 
     Christian Brückner 
Associate Advisor 
___________________________________________________________________ 
     Nicholas Leadbeater 
Associate Advisor 
___________________________________________________________________ 
     Mark Peczuh 
Associate Advisor 
___________________________________________________________________ 
     Fatma Selampinar 
 
University of Connecticut 
2018 
  
  
 
iv 
Acknowledgements 
Firstly, I would like to express my sincere gratitude to my advisor Prof. Christian Brückner for 
accepting me into the lab, for his faith, motivation, infinite patience and kindness. Thank you so 
much for the courage and appreciations you have given to me all these years. I could not have 
imagined having a better advisor who could guide me through all the ups and down. Besides my 
advisor, I would like to thank the rest of the committee members: Dr. Mark Peczuh, Dr. Nicholas 
Leadbeater, Dr. Fatma Selampinar and Dr. Rebecca Quardokus for their insightful comments and 
encouragement.  
My sincere thanks to Dr. Jose Gascon and Matthew Guberman-Pfeffer for their computational 
input and also to Alexander Agrios and Bowen Yang from environmental engineering department 
for their precious collaboration. I would like to acknowledge Dr. Vitaliy Gorbatyuk for for his NMR 
input, advice and assistance, and Dr. You-Jun Fu for all his mass spectrometry work. I would also 
like to thank Dr. Matthias Zeller at Purdue University who solved all of the crystal structures. 
Without their precious support it would not be possible to conduct this research 
I thank my dear labmates for their assistance, and for all the fun we have had in the last five 
years. Michael, for being a wonderful friend and always setting good examples so we could look 
up to. Meenakshi, for all the sharing and caring, for being a good friend and a sister to me. Ruoshi, 
for the help, encouragement, care and guidance. Damaris and Corey thanks for all the support 
through the good and rough times. Randy, Adewole thanks for the HPLC help and thanks for the 
laughs. My talented undergraduate Carly, for all your help in the lab. Also, I thank my dear friends 
my friends at UCONN for being so supportive.  
I would like to thank my mother, father and sister for all their love and advice. It was all your 
hard work which brought me this far. Specially, I would like to mention my loving husband for 
sharing all the ups and downs so patiently and for his unconditional love. This condensed section 
  
 
v 
cannot acknowledge all those individuals who have helped me fulfill this dream. To the once 
names are not mentioned, you are definitely not forgotten.  
  
 
vi 
Table of Contents 
1 INTRODUCTION ................................................................................................ 1 
1.1 PORPHYRINS AND HYDROPORPHYRINS ............................................................................ 1 
1.2 THE BREAKING AND MENDING APPROACH ...................................................................... 5 
1.3 OXIDATION AND REDUCTION OF PORPHYRINS .................................................................. 5 
1.3.1 Oxidations of Porphyrins .................................................................................... 7 
1.4 REFERENCES ............................................................................................................ 29 
2 OXIDATIONS OF CHROMENE-ANNULATED CHLORIN ............................... 37 
2.1 RESULTS AND DISCUSSION .......................................................................................... 40 
2.1.1 Testing oxidants on chlorin diol 2F .................................................................... 40 
2.1.2 CrO3 oxidation of chromene-annulated chlorin 6 ............................................. 42 
2.1.3 KMnO4–/H+ oxidation of chromene-annulated chlorin 6 ................................... 44 
2.1.4 Swern oxidation of chromene-annulated chlorin 6 ........................................... 46 
2.1.5 Solvatochromic Properties of 2,3-Dioxochlorin 3F............................................. 51 
2.1.6 Solvatochromic Behavior of 15OH ..................................................................... 53 
2.2 CONCLUSIONS ......................................................................................................... 54 
2.3 EXPERIMENTAL SECTION ............................................................................................ 55 
2.3.1 Materials and Characterization ........................................................................ 55 
2.3.2 Synthesis and Characterization......................................................................... 56 
2.4 REFERENCES ............................................................................................................ 86 
3 BACTERIO- AND ISOBACTERIO-DILACTONES BY STEPWISE OR DIRECT 
OXIDATIONS OF MESO-TETRAKIS(PENTAFLUOROPHENYL)PORPHYRIN ............. 89 
3.1 RESULTS AND DISCUSSION .......................................................................................... 92 
3.1.1 Dihydroxylation of Free-base meso-(C6F5)-Porphyrin 1. .................................... 92 
  
 
vii 
3.1.2 Conversion of Chlorin Osmate Esters 6 to Porpholactone 2. ............................. 96 
3.1.3 Dihydroxylation of meso-Tetrakis(pentafluorophenyl)porpholactone 2............ 97 
3.1.4 Oxidations of Tetrahydroxybacteriochlorin 8, its Osmate ester 7, and 
Dihydroxychlorolactone Osmate Ester 9. ........................................................................... 98 
3.1.5 Dihydroxylation of [meso-(C6F5)-porphyrinato]M 1M. ...................................... 99 
3.1.6 Conversion of Osmate Esters 6M to Metalloporpholactones 2M.................... 102 
3.1.7 Osmylation of [meso-(C6F5)-porpholactonato]M(II) 2M. ................................. 103 
3.1.8 Oxidation of 12M-E, 14M, and 13M-E. ........................................................... 105 
3.1.9 Free Base Isobacteriochlorindilactones by porphyrin (TFPP) 1. ....................... 107 
3.1.10 Experimental and Computed Optical Spectra of the Isobacteriodilactone ... 113 
3.1.11 Crystal Structure Analysis of Isobacteriodilactones 42,8 and 42,7. ................. 116 
3.2 CONCLUSIONS ....................................................................................................... 117 
3.3 EXPERIMENTAL SECTION .......................................................................................... 118 
3.3.1 General Procedure A: Osmylation of pentafluorophenylporphyrin 1/1M,. ..... 119 
3.3.2 General Procedure B: Reductive Cleavage of Chlorin Diol Osmate Esters. ...... 120 
3.3.3 General Procedure C: CTAP-Mediated Oxidation. ........................................... 120 
3.3.4 General Procedure D: CrO3-Mediated Oxidation. ........................................... 121 
3.3.5 meso-Tetrakis(pentafluorophenyl)-2,3-cis-hydroxychlorin Osmate Ester (6). . 121 
3.3.6 meso-Tetrakis(C6F5)-2,3-cis,12,13-cis-tetrahydroxybacteriochlorin Osmate 
Esters (7-Z and E). ............................................................................................................ 124 
3.3.7 [meso-Tetrakis(C6F5)-2,3-cis-dihydroxychlorinato]Zn(II) Osmate Ester (6Zn). .. 127 
3.3.8 [meso-(C6F5)-2,3-cis-dihydroxychlorinato]Pt(II) Osmate Ester (6Pt). ............... 130 
3.3.9 [meso-(C6F5)-2,3-cis,7,8-cis-tetrahydroxyisobacteriochlorinato]Zn(II) Osmate 
Esters (12Zn-E). ................................................................................................................ 132 
3.3.10 [meso-Tetrakis(C6F5)-2,3-cis,7,8-cis-tetrahydroxyisobacteriochlorinato]Zn(II) 
(13Zn-E)………… ................................................................................................................ 135 
3.3.11 [meso- (C6F5)-2,3-cis,7,8-cis-tetrahydroxyisobacteriochlorinato]Pt(II) Osmate 
Esters (12Pt-E). ................................................................................................................ 137 
  
 
viii 
3.3.12 [meso-(C6F5)-2,3-cis,7,8-cis-tetrahydroxyisobacteriochlorinato]Pt(II) 
(13Pt-E)……....... ............................................................................................................... 142 
3.3.13 meso-Tetrakis(C6F5)-2-oxa-3-oxoporphyrin (2). ........................................... 144 
3.3.14 [meso-Tetrakis(C6F5)-2-oxa-3-oxoporphyrinato]Zn(II) (2Zn). ....................... 144 
3.3.15 [meso-Tetrakis(C6F5)-2-oxa-3-oxoporphyrinato]Pt(II) (2Pt). ........................ 146 
3.3.16 meso-Tetrakis(C6F5)-2,3-cis-dihydroxy-12-oxa-13-oxochlorin Osmate 
Ester (9)………………. .......................................................................................................... 149 
3.3.17 Mixture of [meso-Tetrakis(C6F5)-2,3-dihydroxy-7-oxa-8-oxochlorinato]Pt(II) 
Osmate Ester and [meso-Tetrakis(C6F5)-2,3-cis-dihydroxy-8-oxa-7-oxochlorinato]Pt(II) 
Osmate Ester (1:2 mixture of isomers) (14Pt). ................................................................. 152 
3.3.18 Isomer mixture of 32,13 and 32,12 isomers. .................................................... 155 
3.3.19 Mixture of isomers of 4Zn ........................................................................... 157 
3.3.20 Mixture of isomers of 4Pt ........................................................................... 161 
3.3.21 Direct Oxidation of meso-Tetrakis(pentafluorophenyl)porphyrin (1). .......... 165 
3.4 REFERENCES .......................................................................................................... 178 
4 CONSTRICTING THE PORPHYRINIC Π-SYSTEM:  
OXIDATIVE CONVERSIONS OF PORPHYRIN TO PYRROCORPHINS AND 
PYRROCORPHINLACTONES .................................................................................... 181 
4.1 RESULTS AND DISCUSSION ........................................................................................ 185 
4.1.1 Synthesis of Hexahydroxypyrrocorphin 6 ....................................................... 185 
4.1.2 Dihydroxylation of Bisporpholactones ............................................................ 189 
4.1.3 Stepwise Syntheses of Pyrrocorphinotrilactones ............................................ 192 
4.1.4 1H NMR Comparison of Pyrrocorphins ............................................................ 197 
4.1.5 Synthesis of pyrrocorphintrilactones by the direct oxidation of TFPP 5. .......... 199 
4.1.6 The Observation of an Unusual Porphyrin Ring Opening Product ................... 200 
4.2 CONCLUSIONS ....................................................................................................... 203 
4.3 EXPERIMENTAL SECTION .......................................................................................... 204 
  
 
ix 
4.3.1 Instruments and Materials ............................................................................. 204 
4.3.2 Synthesis of hexahydroxypyrrocorphin 6 ........................................................ 205 
4.3.3 Mixture of TFPP-dioxa-dioxopyrrocorphin-7,8-cis-dihydroxy osmate ester 8 and 
TFPP -dioxadioxopyrrocorphin-7,7,8,8-bis-cis-dihydroxy osmate ester 9. ......................... 209 
4.3.4 meso-Tetrakis(pentafluorophenyl)pyrrocorphinlactones. ............................... 218 
4.4 REFERENCES .......................................................................................................... 231 
  
  
 
x 
TABLE OF SCHEMES 
1. Introduction 
Scheme 1-1.The breaking and mending approach toward pyrrole-modified porphyrins (PMPs). 5 
Scheme 1-2. Formation of chlorin diol 3 upon OsO4-mediated cis-dihydroxylation of 
porphyrin 1Ar and formation of the two stereoisomers of bacteriochlorin tetraol 4 upon 
OsO4-mediated cis-dihydroxylation of chlorin 3.. .................................................................. 8 
Scheme 1-3. Formation of oxochlorins, dioxobacteriochlorins, and dioxoisobacteriochlorins by 
treatment of octaethylporphyrin under epoxidizing conditions. ........................................... 10 
Scheme 1-4. Oxidation of gem-β-dialkyl-substituted bacteriochlorins to the corresponding 
oxobacteriochlorins. ........................................................................................................... 11 
Scheme 1-5. Formation of β,β’-dioxoporphyrin 23 along a number of complimentary oxidation 
routes, ultimately all resting on the conversion of meso-tetraarylporphyrin 1Ar, or its metal 
complexes.. ....................................................................................................................... 12 
Scheme 1-6. Representative oxidative pathways leading from variously β-substituted 
porphyrins and chlorins to porpholactones 27. ................................................................... 13 
Scheme 1-7. Conversion of meso-tetrakis(pentafluorophenyl)porphyrins to porpholactone and 
porphodilactones.. ............................................................................................................. 14 
Scheme 1-8. Select reduction reactions of the porpholactones. ............................................... 15 
Scheme 1-9. Formation of photoprotoporphyrin singlet oxygen cycloaddition to 
protoporphyrin, and reduction of the endoperoxide formed. ............................................... 16 
Scheme 1-10. Ozonation of OEP (11). ..................................................................................... 17 
Scheme 1-11. Oxidative ring-cleavage reactions of chlorin diols. ............................................. 18 
Scheme 1-12. Oxidative degradation pathways of a porphyrin to chlorophins 43 and 45-Ni, 
and bacteriophin 46-Ni. ..................................................................................................... 19 
Scheme 1-13. Synthesis of oxophlorins by oxidation of porphyrin. ........................................... 21 
  
 
xi 
Scheme 1-14. The formation of octaethylxanthoporphyrinogen 53 by a nitration/replacement 
sequence of 11-Zn............................................................................................................. 22 
Scheme 1-15. Heme oxygenase-catalyzed heme metabolic pathway toward biliverdin 57 
and bilirubin 58. ................................................................................................................. 24 
Scheme 1-16. First steps of a representative chlorophyll degradation pathway during green 
leave senescence. ............................................................................................................. 24 
Scheme 1-17. Bilin-forming pathways of octaethylporphyrinato metal complexes. ................... 25 
Scheme 1-18. Ring-opening pathways of octaethylporphyrinato metal complexes producing 
bilins that retain the meso-carbon at the cleavage site. ...................................................... 26 
Scheme 1-19. Formation of formylbilins by singlet oxygen-mediated oxidation of 
metalloporphyrins and metallochlorins. .............................................................................. 27 
Scheme 1-20. Formation of octaethyloxochlorin-derived bilverdin 70.. ..................................... 27 
Scheme 1-21. Formation of porphyrin N-oxides by oxidation of the corresponding free base 
porphyrins. ......................................................................................................................... 28 
2. Oxidation of Chrome-annulated Chlorin 
Scheme 2-1. Known synthesis of dihydroxychlorins 2, its oxidative transformations, and the 
formation of chromene-annulated chlorins 6 ...................................................................... 38 
Scheme 2-2. CrO3 and KMnO4 oxidations of 6. ........................................................................ 42 
Scheme 2-3. Swern oxidation of chromene-annulated chlorin 6. .............................................. 46 
Scheme 2-4. Synthesis and equilibria of 3F with its methanol adducts. ..................................... 52 
Scheme 2-5. Nucleophile-induced formation of the ring-opened form of 15OH. ....................... 54 
  
 
xii 
3. Bacterio- and Isobacterio-dilactones by Stepwise or Direct Oxidations of 
meso-Tetrakis(pentafluorophenyl)porphyrin 
Scheme 3-1. Direct conversion of meso-tetrakis(pentafluorophenyl)porphyrins to porpholactone 
and porphodilactones ........................................................................................................ 90 
Scheme 3-2. Literature-known syntheses of porpholactones  ................................................... 91 
Scheme 3-3. OsO4-Mediated dihydroxylation of free base meso-(C6F5)-porphyrin to the 
corresponding dihydroxychlorin 8 and tetrahydroxybacteriochlorins 10 ............................. 92 
Scheme 3-4. Synthetic pathways towards (regioisomeric mixtures) of bacteriodilactones 3. .... 96 
Scheme 3-5. Literature-known conversions of porpholactones 2/2Ar to the corresponding 
hydroporpholactones ......................................................................................................... 98 
Scheme 3-6. OsO4-Mediated dihydroxylation of [meso-(C6F5)-porphyrinato]M. ........................ 99 
Scheme 3-7. Synthetic pathways towards regioisomeric mixtures of 4M. ............................... 103 
Scheme 3-8. One-Step oxidation of meso-(C6F5)-porphyrin 1. ............................................... 108 
4. Constricting the Porphyrinic π-System: Oxidative Conversions of 
Porphyrin to Pyrrocorphins and Pyrrocorphinlactones 
Scheme 4-1. Dihydroxylation of TFPP 5 with excess of of OsO4 ............................................. 186 
Scheme 4-2. Dihyroxylation of bisporpholactones with excess of OsO4 ................................. 191 
Scheme 4-3. Synthetic pathways toward the stepwise syntheses of pyrrocorphintrilactones .. 193 
Scheme 4-4. Direct oxidation of meso-tetrakis(pentafluorophenyl)porphyrin 5 ....................... 199 
Scheme 4-5. Proposed routes for the formation of oxidative cleavage products 12 ................ 203 
 
  
  
 
xiii 
Table of Figures 
1. Introduction 
Figure 1-1. Porphyrin macrocycle structure, including the position numbering used, showing the 
macrocycle-aromatic 18 π-system. ...................................................................................... 1 
Figure 1-2. b-Hydroporphyrin macrocycle structures .................................................................. 2 
Figure 1-3. UV-vis spectra of the four principle porphyrin and hydroporphyrin classes ............... 3 
Figure 1-4. Select examples of β,β’-hydroxy-chlorins and -bacteriochlorins. .............................. 9 
Figure 1-5. Structure of heptaethylporpholactone 33. ............................................................... 16 
Figure 1-6. Structures of key meso-oxidized porphyrin macrocycle classes. ............................ 20 
Figure 1-7. Structure of oxophlorin oxidative meso-meso-addition products. ............................ 22 
Figure 1-8. Structures of key meso-ring-opened porphyrin classes. ......................................... 23 
Oxidation of Chrome-annulated Chlorin 
Figure 2-1. Pyrrole/pyrroline/oxazole/oxazoline building blocks in meso-tetraaryl-porphyrinoids 
of graded oxidation states.. ................................................................................................ 39 
Figure 2-2. UV-vis absorption  and fluorescence emission  spectra  6F and 14 ........................ 43 
Figure 2-3. UV-vis absorption and fluorescence emission spectra of 6F and 15OH. ................... 45 
Figure 2-4. UV-vis absorption and fluorescence emission spectra of 15SCH3............................. 47 
Figure 2-5. A. Stick representation of the X-ray single crystal structures of 15SCH3.. ................. 47 
Figure 2-6. NSD analysis of the independent molecules 16 and 15SCH3. ................................... 48 
Figure 2-7. UV-vis absorption and fluorescence emission spectra of 16 and 17. ...................... 48 
Figure 2-8. 1H NMR spectra of the compounds indicated 16 and 17. ....................................... 49 
  
 
xiv 
Figure 2-9. A: Stick representation of the X-ray single crystal structures of 16. ........................ 50 
Figure 2-10. Solvent-dependent UV-vis absorption spectra of 3F. ............................................ 52 
Figure 2-11. Solvent-dependent UV-vis absorption spectra of 15OH. ........................................ 53 
Figure 2-12. UV-Vis spectrum of 3F .......................................................................................... 58 
Figure 2-13. 1H NMR spectrum of compound 3F....................................................................... 58 
Figure 2-14. 1H NMR spectra of compound 3F ......................................................................... 59 
Figure 2-15. 1H NMR titration spectra of compound 3F with methanol ...................................... 59 
Figure 2-16. 19F NMR spectrum of compound 3F ...................................................................... 60 
Figure 2-17. 13C NMR spectrum of compound 3F ..................................................................... 60 
Figure 2-18. 13C NMR spectra of compound 3F ........................................................................ 61 
Figure 2-19. IR spectrum of compound 3F ................................................................................ 61 
Figure 2-20. UV-Vis and fluorescence spectra of 14 ................................................................ 64 
Figure 2-21. 1H NMR spectrum of compound 14 ...................................................................... 64 
Figure 2-22. 1H NMR spectrum of compound 14 ...................................................................... 65 
Figure 2-23. 1H-1H COSY NMR spectrum of compound 14 ...................................................... 65 
Figure 2-24. 19F NMR spectrum of compound 14 ..................................................................... 66 
Figure 2-25. 13C NMR spectrum of compound 14 ..................................................................... 66 
Figure 2-26. IR spectrum of compound 14 ............................................................................... 67 
Figure 2-27. UV-Vis and fluorescence spectra of 15OH ............................................................. 68 
Figure 2-28. 1H NMR spectrum of compound 15OH................................................................... 69 
Figure 2-29. D2O exchange 1H NMR of compound 15OH .......................................................... 69 
  
 
xv 
Figure 2-30. 1H NMR spectra of compound 15OH...................................................................... 70 
Figure 2-31. 1H NMR spectra of compound 15OH at 280K. ....................................................... 71 
Figure 2-32. IR spectrum of compound 15OH ............................................................................ 71 
Figure 2-33. 19F NMR spectrum of compound 15OH .................................................................. 72 
Figure 2-34. 19F NMR spectrum of compound 15OH .................................................................. 72 
Figure 2-35. 1H-19F COSY NMR spectrum of compound 15OH .................................................. 73 
Figure 2-36. 19F-1H COSY NMR spectrum of compound 15OH .................................................. 73 
Figure 2-37. 13C NMR spectrum of compound 15OH ................................................................. 74 
Figure 2-38. 13C NMR and DEPT-135 of compound 15OH ........................................................ 74 
Figure 2-39. 13C NMR of compound 15OH ................................................................................. 74 
Figure 2-40. UV-Vis and fluorescence  spectra of 15SCH3 ......................................................... 77 
Figure 2-41. 1H NMR spectrum of compound 15SCH3 ................................................................ 78 
Figure 2-42. 19F NMR spectrum of compound 15SCH3 ............................................................... 78 
Figure 2-43. 1H-19F COSY NMR spectrum of compound 15SCH3 ............................................... 79 
Figure 2-44. 13C NMR spectrum of compound 15SCH3 ............................................................... 79 
Figure 2-45. IR spectrum of compound 15SCH3 ......................................................................... 80 
Figure 2-46. UV-Vis and fluorescence  spectra of dimer 16...................................................... 80 
Figure 2-47. 1H NMR spectrum of dimer 16.............................................................................. 81 
Figure 2-48. 19F NMR spectrum of dimer 16 ............................................................................. 82 
Figure 2-49. 13C NMR spectrum of compound 16 ..................................................................... 82 
Figure 2-50. 1H-19F COSY NMR spectrum of dimer 16 ............................................................. 83 
  
 
xvi 
Figure 2-51. 1H-1H COSY NMR spectrum of dimer 16. ............................................................. 83 
Figure 2-52. IR spectrum of compound 16. .............................................................................. 84 
Figure 2-53. UV-vis  and fluorescence spectra of dimer 17 ...................................................... 84 
Figure 2-54. 1H NMR spectrum of dimer compound 17. ........................................................... 85 
Figure 2-55. 19F NMR spectrum of compound 17. .................................................................... 85 
Figure 2-56. 1H-19F COSY NMR spectrum of compound 17. .................................................... 86 
2. Bacterio- and Isobacterio-dilactones by Stepwise or Direct 
Oxidations of meso-Tetrakis(pentafluorophenyl)porphyrin  
Figure 3-1. Stick representation of the X-ray single crystal structures of 6, 7-Z and 12Zn-E. .... 93 
Figure 3-2. NSD analysis of the macrocycle conformation of chlorin diol 5 and its corresponding 
chlorin osmate ester 6, bacteriochlorin tetraol 8’-Z (Ar = 3,4,5-trimethoxyphenyl) and 
bacteriochlorin bisosmate ester 7-Z, and isobacteriochlorin bisosmate ester 12Zn-E ........ 94 
Figure 3-3. UV-vis absorption of dihydroxychlorin 5, its corresponding osmate ester 6, 
tetrahydroxybacteriochlorin 8-Z and its corresponding osmate ester 7-Z. .......................... 95 
Figure 3-4. UV-vis absorption of dihydroxychlorolactone osmate ester 9 in comparison to 
that of the parent dihydroxychlorin osmate ester 6. ............................................................ 97 
Figure 3-5. UV-vis absorption spectra of the compounds indicated. ....................................... 100 
Figure 3-6. (A) 19F NMR spectrum, (B) 19F-19F COSY spectrum, and (C) 1H-19F COSY 
spectrum of metallotetrahydroxyisobacteriochlorin bis osmate ester 12Pt-E .................... 101 
Figure 3-7. UV-vis absorption spectra of the compounds indicated. ....................................... 104 
Figure 3-8. UV-vis absorption spectra of the mixture of the three isobacteriochlorindilactones 
4M and isobacteriochlorin tetraol bisosmate ester metal complex 12M-E. ....................... 105 
Figure 3-9. HPLC trace of the isobacteriochlorindilactone Pt isomers 4Pt made by CrO3-
mediated oxidation of 13Pt-E.. ......................................................................................... 107 
  
 
xvii 
Figure 3-10. HPLC traces and UV-vis absorption of the free base isobacteriochlorindilactone 
isomer mixture 4. ............................................................................................................. 110 
Figure 3-11. 1H NMR spectra of a crude fraction of the three isobacteriochlorinbislactones 4 
and the spectra of the enriched/separated isomers indicated. ......................................... 111 
Figure 3-12. Experimental and simulated spectra for the three isomeric isobacteriodilactones 
indicated.. ........................................................................................................................ 113 
Figure 3-13. Topological and energetic evolution of the frontier orbitals of the 
isobacteriodilactones as derived from DFT calculations. .................................................. 115 
Figure 3-14. Stick representations of the X-ray single crystal structures and NSD analysis of 
dilactone 42,7 and 42,8  . .................................................................................................... 116 
Figure 3-15. UV-Vis and fluorescence spectra of meso-C6F5-(OH)2chlorin osmate ester 6..... 122 
Figure 3-16. 1H NMR spectrum of meso-C6F5-(OH)2chlorin  osmate ester 6 ........................... 123 
Figure 3-17. 19F NMR spectrum of meso-C6F5-(OH)2-chlorin  osmate ester 6 ......................... 123 
Figure 3-18. 13C NMR spectrum of meso-C6F5-(OH)2-chlorin osmate ester 6 ......................... 124 
Figure 3-19. UV-vis spectrum of meso-tetrakis-(C6F5)-2,3,12,13-tetrahydroxybacteriochlorin 
bisosmate ester (7-Z) ....................................................................................................... 125 
Figure 3-20. 1H NMR spectrum of meso-tetrakis-(C6F5)-2,3,12,13-tetrahydroxybacteriochlorin 
bisosmate ester (7-Z) ....................................................................................................... 125 
Figure 3-21. 19F NMR spectrum of meso-tetrakis-(C6F5)-2,3,12,13-tetrahydroxybacteriochlorin 
bisosmate ester 7-Z ......................................................................................................... 126 
Figure 3-22. 13C NMR spectrum of meso-tetrakis-(C6F5)-2,3,12,13-tetrahydroxybacteriochlorin 
bisosmate ester 7-Z ......................................................................................................... 126 
Figure 3-23. UV-Vis spectra of [meso-C6F5-(OH)2-chlorinato]Zn(II)  osmate ester 6Zn ........... 127 
Figure 3-24. 1H NMR spectrum of [meso-C6F5-(OH)2-chlorinato]Zn(II) osmate ester 6Zn ....... 128 
  
 
xviii 
Figure 3-25. 19F NMR spectrum of [meso-C6F5-(OH)2-chlorinato]Zn(II) osmate ester 6Zn ...... 128 
Figure 3-26. 13C NMR spectrum [meso-C6F5-(OH)2-chlorinato]Zn(II) osmate ester 6Zn ......... 129 
Figure 3-27. HMQC spectrum of [meso-C6F5-(OH)2-chlorinato]Zn(II) osmate ester 6Zn ......... 129 
Figure 3-28. UV-Vis spectrum of [meso-C6F5-(OH)2-chlorinato]Pt(II) osmate ester 6Pt .......... 130 
Figure 3-29. 1H NMR spectrum of [meso-C6F5-(OH)2-chlorinato]Pt(II) osmate ester 6Pt ........ 131 
Figure 3-30. 13C NMR spectrum of [meso-C6F5-(OH)2-chlorinato]Pt(II) osmate ester 6Pt ....... 131 
Figure 3-31. UV-vis spectrum of [meso-tetrakis-(C6F5)-(OH)4-isobacteriochlorinato]Zn(II) 
bisosmate ester 12Zn-E .................................................................................................. 133 
Figure 3-32. 1H NMR spectrum of [meso-tetrakis-(C6F5)-(OH)4-isobacteriochlorinato]Zn(II) 
bisosmate ester 12Zn-E .................................................................................................. 133 
Figure 3-33. 19F NMR spectrum of [meso-tetrakis-(C6F5)-(OH)4-isobacteriochlorinato]Zn(II) 
bisosmate ester 12Zn-E .................................................................................................. 134 
Figure 3-34. 13C NMR spectrum of [meso-tetrakis(C6F5)-(OH)4-isobacteriochlorinato]Zn(II) 
bisosmate ester 12Zn-E .................................................................................................. 134 
Figure 3-35. UV-vis and fluorescence emission spectra of [meso-tetrakis-(C6F5)-(OH)4-
isobacteriochlorinato]Zn(II) 13Zn-E .................................................................................. 135 
Figure 3-36. 1H NMR spectrum of [meso-tetrakis-(C6F5)-(OH)4-isobacteriochlorinato]Zn(II) 
13Zn-E ............................................................................................................................ 136 
Figure 3-37. 19F NMR spectrum of [meso-tetrakis-(C6F5)-(OH)4-isobacteriochlorinato]Zn(II) 
13Zn-E ............................................................................................................................ 136 
Figure 3-38. UV-Vis spectra of [meso-tetrakis-(C6F5)-(OH)4-isobacteriochlorinato]Pt(II) 
bisosmate ester 12Pt-E ................................................................................................... 138 
Figure 3-39. 1H NMR spectrum of [meso-tetrakis-(C6F5)-(OH)4-isobacteriochlorinato]Pt(II) 
bisosmate ester 12Pt-E ................................................................................................... 138 
  
 
xix 
Figure 3-40. 19F NMR spectrum of [meso-tetrakis-(C6F5)-(OH)4-isobacteriochlorinato]Pt(II) 
bisosmate ester 12Pt-E ................................................................................................... 139 
Figure 3-41. 19F-19F COSY NMR spectrum of [meso-tetrakis-(C6F5)-(OH)4-isobacterio-
chlorinato]Pt(II) bisosmate ester 12Pt-E .......................................................................... 140 
Figure 3-42. 1H-19F COSY NMR spectrum of [meso-tetrakis-(C6F5)-(OH)4-isobacterio-
chlorinato]Pt(II) bisosmate ester 12Pt-E .......................................................................... 141 
Figure 3-43. 13C NMR spectrum of [meso-tetrakis-(C6F5)-(OH)4-isobacteriochlorinato]Pt(II) 
bisosmate ester 12Pt-E ................................................................................................... 141 
Figure 3-44. UV-vis spectrum of [meso-tetrakis-(C6F5)-(OH)4-isobacteriochlorinato]Pt(II) 13Pt-E
 ........................................................................................................................................ 142 
Figure 3-45.1H NMR spectrum of [meso-tetrakis-(C6F5)-(OH)4-isobacteriochlorinato]Pt(II) 13Pt-E
 ........................................................................................................................................ 143 
Figure 3-46.19F NMR spectrum of [meso-tetrakis-(C6F5)-(OH)4-isobacteriochlorinato]Pt(II) 
13Pt-E ............................................................................................................................. 143 
Figure 3-47. UV-Vis spectrum of [meso-tetrakis-(C6F5)-porpholactonato]Zn(II) 2Zn ............... 144 
Figure 3-48. 1H NMR spectrum of [meso-tetrakis-(C6F5)-porpholactonato]Zn(II) 2Zn ............. 145 
Figure 3-49. 19F NMR spectrum of [meso-tetrakis-(C6F5)-porpholactonato]Zn(II) 2Zn............. 145 
Figure 3-50. 13C NMR spectrum of [meso-tetrakis-(C6F5)-porpholactonato]zinc(II) 2Zn .......... 146 
Figure 3-51. UV-Vis spectrum of [meso-tetrakis-(C6F5)-porpholactonato]Pt(II) 2Pt ................. 147 
Figure 3-52. 1H NMR spectrum of [meso-tetrakis-(C6F5)-porpholactonato]Pt(II) 2Pt ............... 147 
Figure 3-53. 19F NMR spectrum [meso-tetrakis-(C6F5)-porpholactonato]Pt(II) 2Pt .................. 148 
Figure 3-54. 13C NMR spectrum [meso-tetrakis-(C6F5)-porpholactonato]Pt(II) 2Pt.................. 148 
Figure 3-55. UV-vis spectrum of meso-C6F5-(OH)2-chlorolactone osmate ester 9 .................. 149 
Figure 3-56. 1H NMR spectrum of meso-C6F5-(OH)2-chlorolactone osmate ester 9 ................ 150 
  
 
xx 
Figure 3-57. 13C NMR spectrum of meso-C6F5-(OH)2-chlorolactone osmate ester 9 ............... 150 
Figure 3-58. 1H-1H COSY spectrum of meso-C6F5-(OH)2-chlorolactone osmate ester 9 ......... 151 
Figure 3-59. HMQC spectrum of meso-C6F5-(OH)2-chlorolactone osmate ester 9 .................. 151 
Figure 3-60. UV-vis spectrum of [meso-tetrakis-(C6F5)-(OH)2-isobacteriochlorolactone]Pt(II) 
osmate ester 14Pt ........................................................................................................... 153 
Figure 3-61. 1H NMR spectrum of [meso-tetrakis-(C6F5)-(OH)2-isobacteriochlorolactone]Pt(II) 
osmate ester 14Pt ........................................................................................................... 153 
Figure 3-62. 19F NMR spectrum of [meso-tetrakis-(C6F5)-(OH)2-isobacteriochlorolactone]Pt(II) 
osmate ester 14Pt ........................................................................................................... 154 
Figure 3-63. 13C NMR spectrum of [meso-tetrakis-(C6F5)-(OH)2-isobacteriochlorolactone]Pt(II) 
osmate ester 14Pt ........................................................................................................... 154 
Figure 3-64. UV-vis spectrum of a 1:0.7 mixture of the two bacteriodilactone isomers 33,12 
and 33,13 ........................................................................................................................... 155 
Figure 3-65. 1H NMR spectrum of a representative 1:0.7 mixture of the two bacteriodilactone 
isomers 33,12 and 33,13 ...................................................................................................... 156 
Figure 3-66. 19F NMR spectrum of a representative 1:0.7 mixture of the two bacteriodilactone 
isomers 33,12 and 33,13 ...................................................................................................... 156 
Figure 3-67. UV-vis and fluorescence spectra [meso-tetrakis-(C6F5)-isobacterio-
diporpholactonato]Zn(II) isomer mixture 4Zn ................................................................... 158 
Figure 3-68. 1H NMR spectra [meso-tetrakis-(C6F5)-isobacteriodiporpholactonato]Zn(II) 
isomer mixture 4Zn .......................................................................................................... 158 
Figure 3-69. 1H NMR spectrum of [meso-tetrakis-(C6F5)-isobacteriodiporpholactonato]Zn(II) 
isomer mixture 4Zn .......................................................................................................... 159 
Figure 3-70. 19F NMR spectrum of [meso-tetrakis-(C6F5)-isobacteriodiporpholactonato]Zn(II) 
isomer mixture 4Zn .......................................................................................................... 159 
  
 
xxi 
Figure 3-71. 13C NMR spectrum of [meso-tetrakis-(C6F5)-isobacteriodiporpholactonato]Zn(II) 
isomer mixture 4Zn .......................................................................................................... 160 
Figure 3-72. FT-IR spectrum of [meso-tetrakis-(C6F5)-isobacteriodiporpholactonato]Zn(II) 
isomer mixture 4Zn .......................................................................................................... 160 
Figure 3-73. UV-Vis spectra of [meso-tetrakis-(C6F5)-isobacteriodiporpholactonato]Pt(II) 
isomer mixtures 4Pt ......................................................................................................... 162 
Figure 3-74. 1H NMR spectra of [meso-tetrakis-(C6F5)-isobacteriodiporpholactonato]Pt(II) 
isomer mixtures 4Pt ......................................................................................................... 162 
Figure 3-75. 1H NMR spectrum of [meso-tetrakis-(C6F5)-isobacteriodiporpholactonato]Pt(II) 
isomer mixture 4Pt .......................................................................................................... 163 
Figure 3-76. 19F NMR spectrum of [meso-tetrakis-(C6F5)-isobacteriodiporpholactonato]Pt(II) 
isomer mixture 4Pt .......................................................................................................... 163 
Figure 3-77. 1H NMR spectrum of [meso-tetrakis-(C6F5)-isobacteriodiporpholactonato]Pt(II) 
isomer mixtures 42,8Pt ...................................................................................................... 164 
Figure 3-78. 13C NMR spectrum of [meso-tetrakis-(C6F5)-isobacteriodiporpholactonato]Pt(II) 
42,8Pt ............................................................................................................................... 164 
Figure 3-79. FT-IR spectrum of [meso-tetrakis-(C6F5)-isobacteriodiporpholactonato]Pt(II) 4Pt
 ........................................................................................................................................ 165 
Figure 3-80. UV-vis and fluorescence emission spectra of meso-tetrakis-(C6F5)-(OH)2-
isobacteriochlorolactone 14 ............................................................................................. 168 
Figure 3-81. 1H NM spectrum of meso-tetrakis-(C6F5)-(OH)2-isobacteriochlorolactone 14 ...... 168 
Figure 3-82. 1H NMR spectrum of 14, D2O exchange ............................................................. 169 
Figure 3-83. 19F NMR spectrum of meso-tetrakis-(C6F5)-(OH)2-isobacteriochlorolactone 14 .. 169 
Figure 3-84. 13C NMR of meso-tetrakis-(C6F5)-(OH)2-isobacteriochlorolactone 14 ................. 170 
  
 
xxii 
Figure 3-85. UV-vis and fluorescence spectra of meso-tetrakis-(C6F5)-isobacterio-
diporpholactone 42,8 ......................................................................................................... 170 
Figure 3-86. 1H NMR spectrum of of meso-tetrakis-(C6F5)-isobacteriodiporpholactone 42,8 .... 171 
Figure 3-87. D2O exchange 1H NMR of of meso-tetrakis-(C6F5)-isobacteriodiporpholactone 
42,8, D2O exchange .......................................................................................................... 171 
Figure 3-88. 19F NMR spectrum of of meso-tetrakis-(C6F5)-isobacteriodiporpholactone 42,8 ... 172 
Figure 3-89. 13C NMR spectrum of of meso-tetrakis-(C6F5)-isobacteriodiporpholactone 42,8 ... 172 
Figure 3-90. FT-IR spectrum of meso-tetrakis-(C6F5)-isobacteriodiporpholactone 42,8 ............ 173 
Figure 3-91. UV-Vis and fluorescence spectra of meso-tetrakis-(C6F5)-isobacterio-
diporpholactone 42,7 ......................................................................................................... 173 
Figure 3-92. 1H NMR spectrum of meso-tetrakis-(C6F5)-isobacteriodiporpholactone 42,7 ........ 174 
Figure 3-93. 19F NMR spectrum of meso-tetrakis-(C6F5)-isobacteriodiporpholactone 42,7 ....... 174 
Figure 3-94. 13C NMR spectrum of meso-tetrakis-(C6F5)-isobacteriodiporpholactone 42,7 ....... 175 
Figure 3-95. FT-IR spectrum of meso-tetrakis-(C6F5)-isobacteriodiporpholactone 42,7 ............ 175 
Figure 3-96. UV-Vis and fluorescence spectra of meso-tetrakis-(C6F5)-isobacterio-
diporpholactone 43,7 ......................................................................................................... 176 
Figure 3-97. 1H NMR spectrum of meso-tetrakis-(C6F5)-isobacteriodiporpholactone 43,7 ........ 176 
Figure 3-98. 19F NMR spectrum of meso-tetrakis-(C6F5)-isobacteriodiporpholactone 43,7 ....... 177 
Figure 3-99. 13C NMR spectrum of meso-tetrakis-(C6F5)-isobacteriodiporpholactone 43,7 ....... 177 
Figure 3-100. FT-IR spectrum of meso-tetrakis-(C6F5)-isobacteriodiporpholactone 43,7 .......... 178 
  
 
xxiii 
3.  Constricting the Porphyrinic π-System: Oxidative Conversions of Porphyrin 
to Pyrrocorphins and Pyrrocorphinlactones 
Figure 4-1. Framework structures of the four most common and naturally occurring 
chromophores porphyrin, dihydroporphyrin, and tetrahydroporphyrins, and the 
hexahydroporphyrin pyrrocorphin. ................................................................................... 181 
Figure 4-2. Previously reported pyrrocorphins ........................................................................ 184 
Figure 4-3. UV-vis spectra of the compound 6 ....................................................................... 186 
Figure 4-4. 1H NMR comparison of 6 with 18 π aromatic tetrahydroxybacteriochlorin 7-E ...... 187 
Figure 4-5. UV-vis spectra of the compounds indicated. ........................................................ 190 
Figure 4-6. Stick representation of the X-ray single crystal structures of pyrrocorphin-
dilactone osmate ester 8 and pyrrocorphinndilactone bisosmate ester 9.. ....................... 192 
Figure 4-7. UV-vis spectra of the compounds indicated ......................................................... 194 
Figure 4-8. Stick representation of X-ray single crystal structures of the pyrrocorphin-
trilactone isomers indicated.. ........................................................................................... 195 
Figure 4-9. 1H NMR spectra of the compounds indicated. ...................................................... 198 
Figure 4-10. UV-vis spectrum of the compound 12................................................................. 200 
Figure 4-11. Ring-opening pathways of octaethylporphyrinato metal complexes producing 
bilins that retain the meso-carbon at the cleavage site. .................................................... 201 
Figure 4-12. Stick representation of the X-ray single crystal structure of tripyrrin 12............... 202 
Figure 4-13. UV-vis and fluorescence spectra of 6 ................................................................. 207 
Figure 4-14. 1H NMR spectrum of compound 6 ...................................................................... 207 
Figure 4-15. D2O exchange 1H NMR of compound 6 .............................................................. 208 
Figure 4-16. 19F NMR spectrum of compound 6 ..................................................................... 208 
  
 
xxiv 
Figure 4-17 13C NMR of compound 6 ..................................................................................... 209 
Figure 4-18. UV-vis and fluorescence spectra of 8 ................................................................. 212 
Figure 4-19. 1H NMR spectrum of compound 8 ...................................................................... 213 
Figure 4-20. D2O exchange 1H NMR of compound 8 .............................................................. 214 
Figure 4-21. 19F NMR spectrum of compound 8 ..................................................................... 214 
Figure 4-22.13C NMR of compound 8 ..................................................................................... 215 
Figure 4-23. UV-vis spectrum of 9 (CH2Cl2)............................................................................ 215 
Figure 4-24.1H NMR spectrum of compound 9 ....................................................................... 216 
Figure 4-25. D2O exchange 1H NMR of compound 9 .............................................................. 216 
Figure 4-26.19F NMR spectrum of compound 9 ...................................................................... 217 
Figure 4-27. 13C NMR of compound 9 .................................................................................... 217 
Figure 4-28. UV-vis and fluorescence spectra of 0EƎƎ .......................................................... 222 
Figure 4-29. UV-vis spectra of 0EƎƎ; with 10% TEA/CH2Cl2 .................................................. 222 
Figure 4-30. 1H NMR spectrum of compound 0EƎƎ ............................................................... 223 
Figure 4-31. D2O exchange 1H NMR of compound 0EƎƎ....................................................... 223 
Figure 4-32. 19F NMR spectrum of compound 0EƎƎ .............................................................. 224 
Figure 4-33. 13C NMR of compound 0EƎƎ ............................................................................. 224 
Figure 4-34. FT-IR spectrum of compound 0EƎƎ ................................................................... 225 
Figure 4-35. UV-vis and fluorescence spectra of 0EEE:0EƎE (2:1) t ...................................... 225 
Figure 4-36. UV-vis spectra of 0EEE:0EƎE (2:1) with 10% TEA/CH2Cl2 ................................ 226 
Figure 4-37. 1H NMR spectrum of compound 0EEE:0EƎE (2:1) ............................................ 226 
  
 
xxv 
Figure 4-38. D2O exchange 1H NMR of compound 0EEE:0EƎE (2:1), D2O exchange ........... 227 
Figure 4-39. 19F NMR spectrum of compound 0EEE:0EƎE (2:1)............................................ 227 
Figure 4-40. 13C NMR of compound 0EEE:0EƎE (2:1) ........................................................... 228 
Figure 4-41. FT-IR spectrum of 0EEE:0EƎE (2:1) .................................................................. 228 
Figure 4-42. UV-vis and fluorescence spectra of 12 ............................................................... 229 
Figure 4-43. 1H NMR spectrum of compound 12 .................................................................... 229 
Figure 4-44. 19F NMR spectrum of compound 12 ................................................................... 230 
Figure 4- 45. 13C NMR of compound 12 ................................................................................. 230 
List of tables 
Table 2-1. Outcome of the oxidation of dihydroxychlorin 2F using different oxidants. ................ 41 
Table 3-1. Computed relative stability of all dilactone isomers. ............................................... 112 
Table 3-2. Relative Ground and Excited State Energies, Absolute Dipole Moments, and 
Excitation Wavelengths ................................................................................................... 114 
  
 
xxvi 
List of Abbreviations 
amu atomic mass unit 
ATR attenuated total reflection 
aq aqueous 
conc concentrated 
COSY correlation spectroscopy 
d doublet 
dach 1,2-diaminocyclohexane 
CTAP cetyltrimethylammonium permanganate 
(cetylMe3N+MnO4–) 
dba dibenzylideneacetone 
DDQ 2,3-dichloro-5,6-dicyanobenzoquinone 
DIBAL-H diisobutylaluminiumhydride 
DIEA diisopropylethylamine 
DMDA dimethyl acetylenedicarboxylate 
DMF dimethyl formamide 
DMP Dess-Martin periodinane 
DMSO dimethyl sulfoxide 
ESI electrospray ionization 
equiv equivalents 
Fl fluorescence 
FTIR Fourier transform infrared spectroscopy 
  
 
xxvii 
fwhm full width half maximum 
h hour 
HOMO highest occupied molecular orbital 
HPLC high performance liquid chromatography 
Hz Hertz 
IBX 2-iodoxybenzoic acid 
lmax maximum wavelength of absorption 
m multiplet 
m-CPBA m-chloroperoxybenzoic acid 
min minute 
MTO methyltrioxorhenium 
NADPH nicotinamide adenine dinucleotide phosphate 
NOESY nuclear Overhauser effect spectroscopy 
PDC pyridinium dichromate 
PDT photodynamic therapy 
PMP pyrrole-modified porphyrin 
p-TSA p-toluenesulfonic acid 
py pyridine 
NIR near-infrared region 
NHS N-hydroxysuccinimide 
NMR nuclear magnetic resonance 
s singlet 
  
 
xxviii 
t triplet 
TCNE tetracyanoethylene 
TCQ 2,3,5,6-tetrachloro-1,4-benzoquinone 
TFA trifluoroacetic acid 
THF tetrahydrofuran 
TLC thin-layer chromatography 
TPP meso-tetraphenylporphyrin 
TTFA thallium(III) trifluoroacetate 
UV-vis ultraviolet-visible
  
 
xxix 
Sections of this thesis have been, and will be, published as follows: 
1. Brückner, C.; Hewage, N. ‘Reduced and Oxidized Porphyrins’ in Porphyrins for the 21st 
Century’ Brothers, P.; Senge, M., Eds., Wiley & Sons: New York, 2019, Vol. 1: 
Fundamentals, Chapter 7. Accepted for publication 9/2017. 
2.  Hewage, N.; Zeller, M.; Brückner, C. ‘Oxidation of Chromene-annulated Chlorins’ Org. 
Biomol. Chem. 2017, 15, 396–407. 
Contributions: MZ— Single X-ray crystal structure analysis.  
3. Hewage, N.; Daddario, P.; Lau, K.S.F.; Guberman-Pfeffer, M.J.; Gascón, J.A.; Zeller, M.; 
Khalil, G.E.; Gouterman M.; Brückner, C. ‘Bacterio- and Isobacterio-dilactones by 
Stepwise or Direct Oxidations of meso-Tetrakis(pentafluorophenyl)porphyrin’, submitted 
to J. Org. Chem. 10/2018. 
Contributions: NH— Syntheses of isobacteriochlorinlactones and tetrahydroxyiso-
bacteriochlorins and precursors; FL, PD, KM — syntheses of di/tertrahydroxyporphyrins 
and precursors; MG, JA — computational analyses of dilactones; MZ: single X-ray 
crystal structure analyses. 
4.  Hewage, N.; Guberman-Pfeffer, M.J.; Gascón, J.A.; Zeller, M.; Brückner, C. 
‘Constricting the Porphyrinic π-System: Oxidative Conversions of meso-Tetrakis(C6F5)-
porphyrin to Pyrrocorphins and Pyrrocorphinlactones’ in preparation for submission to J. 
Am. Chem. Soc. 10/2018. 
Contributions: MG, JA— Computational analyses of trilactones; MZ — single X-ray 
crystal structure analysis. 
 
 
Other publications prepared during graduate studies at the University of Connecticut: 
5.  Yang, B.; Hewage, N.; Guberman-Pfeffer, M.; Wax, T.; Gascon, J.; Zhao, J.; Agrios, A.; 
Brückner, C. ‘The Limited Extend of the Electronic Modulation of Chlorins and 
Bacteriochlorins through Chromene-annulation’ Phys. Chem. Chem. Phys. 2018, 20, 
18233–18240. 
  
 
xxx 
6. Hyland, M. A.; Hewage, N.; Panther, K.; Nimthong-Roldán, A.; Zeller, M.; Samaraweera, 
M.; Gascón, J. A.; Brückner, C. ‘Chromene-annulated Bacteriochlorins’ J. Org. Chem. 
2016, 81, 3603–3618. 
7. Hewage, N.; Yang, B.; Agrios, A. G.; Brückner, C. ‘Introduction of Carboxylic Ester and 
Acid Functionalities to meso-Tetrakis(pentafluorophenyl)porphyrin and their Limited 
Electronic Effects on the Chromophore’ Dyes Pigm. 2015, 121, 159–169. 
 
Chapter 1. Introduction 
 
 
1 
1 Introduction 
1.1 Porphyrins and Hydroporphyrins 
Porphyrins are fully unsaturated tetrapyrrolic macrocycles linked by methylene carbons 
(meso-position) and enclosing an 18+4 π-system, i.e., an aromatic 18 π-electron system cross-
conjugated with two additional β,β’-double bonds (Figure 1-1). The chemical and physical 
properties of porphyrins are best described by the presence of a closed conjugated aromatic π-
system. The cross-conjugated double bonds reactivity is distinct from the reactivity of the double 
bonds constituting the aromatic region of the macrocycle, and can be successively reduced and 
thereby removed from macrocycle conjugation, resulting in the formation of two important classes 
of porphyrin derivatives. 
 
Figure 1-1. Porphyrin macrocycle structure, including the position numbering used, showing the 
macrocycle-aromatic 18 π-system inherent to all chromophores in bold. For a detailed account of the 
naming conventions. 
They are the singly reduced b-hydroporphyrins include the chlorins (7,8-dihydroporphyrins), 
and the isomeric doubly reduced bacteriochlorins (7,8,17,18-tetrahydroporphyrins), and their 
tautomers, the isobacteriochlorins (7,8,12,13-tetrahydro-porphyrins (Figure 1-2). This naming 
suggests that they are formed along reduction pathways; however, the cross-conjugated β,β’-
double bonds can also be removed from conjugation with the 18 π-electron system along addition 
or oxidation pathways. In fact, the spectroscopic properties of some porphyrin oxidation and 
reduction products are very similar to each other; the number and position of the modifications 
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2 
has a much larger impact on the optical properties of the resulting macrocycle than the formal 
type of conversion. In accordance with the established nomenclature rules for the tetrapyrroles,1 
we will refer to any chromophore containing an 18+2 π-system as a chlorin, and 18 π-systems, 
depending on the relative position of their ‘reduction’ sites, as bacteriochlorins or isobacterio-
chlorins. 
 
Figure 1-2. b-Hydroporphyrin macrocycle structures, showing the inherent macrocycle-aromatic 18 π-
system, when present, in bold. For a detailed account of the naming conventions, see Ref. 1. 
The four principle porphyrin/hydroporphyrin chromophore classes each possess diagnostic 
UV-vis spectra (Figure 1-3).2 As expected for principally π ®π* transitions, the band position and 
intensities observed find their qualitative and quantitative explanation in the relative position and 
symmetry of the associated chromophore frontier orbitals.2 The spectra of regular porphyrins are 
characterized by an intense band around 400 nm (the so-called Soret band), followed by four so-
called Q bands in descending order of intensity. These possess extinction coefficients that are at 
least an order lower that that of the Soret band. Owing to an increase of the chromophore 
symmetry, the porphyrin and chlorin metal complexes possess a reduced number of Q bands. 
The UV-vis spectrum of a free base chlorin is similar of that of a porphyrin in that it also exhibits 
a Soret band, albeit it tends to be broadened, and four side bands, but the lmax band is now the 
most intense Q-band; lmax may or may not be bathochromically shifted compared to the parent 
porphyrin. The Soret band of an isobacteriochlorin is hypsochromically shifted compared to that 
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3 
of a chlorin, the spectrum is chlorin-like broadened, the Q-band intensity distribution is altered, 
and the lmax is hypsochromically shifted. The highly diagnostic spectra of free base bacterio-
chlorins are characterized by large hypsochromic shifts in the Soret band along with a significantly 
bathochromically shifted lmax (Q) band. The latter band possess an intensity in the same order of 
magnitude as the Soret band, even though, in absolute terms, the extinction coefficient of the 
Soret band of a bacteriochlorin can be an order of magnitude lower than that of a porphyrin or 
chlorin. The optical spectra are modulated by β- and meso-substituents. 
 
Figure 1-3. Comparison of the UV-vis spectra of the four principle porphyrin and hydroporphyrin classes, 
in their free base form (solid trace) and metalated form (M = Zn; broken trace), as illustrated by their 
hydroxylated meso-tetraphenyl derivatives. The spectra of the hydroxylated hydrochlorins are 
hypsochromically shifted compared to the spectra of the nonhydroxylates chromophores, but the overall 
shapes of the spectra are representative for their chromophore classes; the spectra of the cis- and trans-
isomers of the tetrahydroxybacteriochlorin and -isobacteriochlorin are shown, respectively, but the spectra 
of the corresponding isomers are identical.3 
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Increasing degrees of reduction of the macrocycle also lead to increased conformational 
flexibility. Broadly generalized, the porphyrinoid spectra broaden with increasing conformational 
flexibility and red-shift with increasing deviation from planarity.4 As a consequence of the multiple 
electronic and conformational factors influencing the spectra of the hydroporphyrin chromo-
phores, the spectra of each type may span a considerable wavelength range. 
The intrinsically basic imine-type nitrogens of porphyrins are sterically protected from proto-
nation since protonation brings a total of three (or four) hydrogens into the macrocycle cavity, a 
sterically untenable situation for a planar macrocycle. Given a strong enough acid, however, 
mono-protonation can be enforced, leading to a saddled distortion of the macrocyle (two opposing 
pyrroles tilt up, two opposing pyrroles tilt down). While alleviating this steric clash between the 
inner hydrogens, this distortion comes with a steric (Pitzer strain) and electronic (reduction of 
π-overlap) energy penalty. Once the saddled conformation is induced by protonation of the first 
imine nitrogen, the second imine nitrogen looses the steric protection of the planar conformation 
and thus becomes much more basic. This effect is dramatic, leading to the observation that the 
basicity of the second imine is higher than that of the first. Therefore, mono-protonated porphyrins 
are, outside of special cases, not observed.5 
Increasing reduction decreases the basicity of the inner imine-type nitrogens significantly. 
Thus, planar bacteriochlorins are less basic than chlorins which, in turn, are less basic than 
porphyrins.6 This indicates that the intrinsic electronic effect of the π-system overrides the 
expected increase in basicity of the hydroporphyrins because of their increased conformational 
flexibility. On account of their β-substitution with electron-withdrawing substituents (ketones, 
lactones), some oxidation products have been shown to possess reduced basicity.7 
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1.2 The Breaking and Mending Approach 
Replacing one of the pyrroles of a porphyrin with a non-pyrrolic heterocycle has been shown 
by our research group to allow for the altering of porphyrinoid optical and chemical properties 
compaired regular porpyrins and hydroporphyrins. The formal replacement is accomplished by 
using a methodology we termed the ‘brieaking and mending’ approach.8 First, one of the pyrroles 
of porphyrin is activated by dihydroxylation. The diol functionality can then be cleaved in the 
‘breaking’ step forming secochlorin, followed by successive ring-closure in the ‘mending’ step to 
form pyrrole-modified porphyrin. A wide structural variety of PMPs is available.8  
 
Scheme 1-1.The breaking and mending approach toward pyrrole-modified porphyrins (PMPs). 
1.3 Oxidation and Reduction of Porphyrins 
As a result of their large aromatic π-systems, porphyrins, hydroporphyrins, and their metal 
complexes, display rich reversible redox chemistry, frequently studied by electrochemical 
methods. Numerous irreversible chemical reduction events are also known that convert 
porphyrins to a range of pyrrole modified porphyrins (PMPs) in which either one β,β’-position 
(chlorins), two β,β’-positions (iso/bacteriochlorins), or the meso-position (phlorins) are reduced. 
Likewise, an assortment of chemical oxidation methods converts the porphyrins to a range of β-, 
meso-, and N-oxidized derivatives. Some of these oxidation method lead to cleaved β,β’-bonds 
(secochlorins), excised β-carbons (chlorophins), or carbon atoms being replaced by oxygen 
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atoms (porpholactones). meso-Ring-opened products (bilins) accessible by a range of oxidation 
methods, are another important class of porphyrin oxidation products.  
Organized by the position of the attack of the reagents (β- or meso-position) and the formal 
type of chemical oxidative conversion, the key chemical porphyrin oxidation methodologies and 
products are reviewed. Summarized here are the reactions that directly alter this porphyrinic 
π-system. We focus on the formation and some physical properties of the oxidation products, but 
not on their chemical reactivity. Reactions of peripheral substituents, such as the oxidation of a 
β-vinyl group to an ethyl/acetyl group, are ignored, even if they affect the π-system through 
inductive or resonance effects. Likewise, many electrophilic aromatic substitution reactions on the 
porphyrin meso- or β-positions are technically oxidations (halogenation, nitration, etc.) but are 
not included here. We refer to other reviews summarizing the functionalization of porphyrins.9 
The most prominent oxidation reactions of porphyrins take place at the β-positions, followed 
by those at the meso-positions. Reactions at the a-positions are rare, are not observed under 
mild reaction conditions, and thus are ignored here. We will discuss the oxidation reactions of the 
porphyrins separately from each other, organized by the positions oxidized. 
Generally, we are limiting the discussion to representative and well-documented examples; a 
complete treatment of the subjects is not attempted. Comprehensive reviews on related topics, 
such as the syntheses and occurrence of synthetic and natural hydroporphyrins,10 the conversion 
of porphyrins to hydroporphyrins and porphyrin analogues,8, 10b, 11 chlorophylls and its oxidative 
degradation products.12 Metal-centered and macrocycle-centered resonance-stabilized redox 
events,13 and exploitation of the redox properties of porphyrins in devices14 are not reviewed. The 
redox reactions of the porphyrazines,15 phthalocyanines,16 contracted17 or expanded18 porphyrins, 
carbaporphyrins,19 and other porphyrin analogues11, 20 will also not be included here, and we refer 
to dedicated reviews. 
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1.3.1 Oxidations of Porphyrins 
1.3.1.1 Oxidations at the β-Positions 
OsO4-Mediated Dihydroxylations: Dihydroxyhydroporphyrins 
The β,β’-double bonds of porphyrins and chlorins are susceptible to oxidations that also 
generate chlorins and bacteriochlorins/isobacteriochlorins. One such oxidant is osmium tetroxide 
(OsO4). This leads to the formation of a β,β’-osmate ester 2 that can be isolated and subsequently 
reduced, typically using hydrogen sulfide (H2S) or sodium bisulfite (NaHSO3),21 to a vic-cis-diol 
functionality in chlorin 3 (Scheme 1-2). The possibility for such an OsO4-mediated dihydroxylation 
of one or two β,β’-bonds of porphyrins highlights their pseudo-olefinic nature; it also reflects the 
general finding that OsO4 selectively attacks the double bond that results in the least loss of 
resonance energy,22 Compared to the OsO4-mediated dihydroxylation of true olefins, however, 
the reaction is slow, requiring a stoichiometric quantity or even a stoichiometric excess of OsO4 
in the presence of pyridine (as co-solvent and accelerator of the osmylation reaction),23 and up to 
a week of reaction time.24 
This OsO4-mediated dihydroxylation is highly regioselective:3, 24b The dihydroxylation of free 
base chlorins generates bacteriochlorins as a mixture of two isomeric tetrahydroxybacterio-
chlorins, cis- and trans-4, while the dihydroxylation of metallochlorins generates metalloiso-
bacteriochlorins, also as a mixture of stereoisomers. In non-symmetricall β-substituted 
porphyrins, the osmylation reaction is in select cases subject to directing effects, allowing their 
region-selective dihydroxylation.25 
The OsO4-mediated dihydroxylation reaction has found widespread use in the formation of 
β-alkyl- and mesoaryldihydroxychlorins,3, 24, 26 tetrahydroxybacteriochlorins and isobacterio-
chlorins with a wide variety of framework structures, including octaethylhydrochlorin derivatives, 
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such as 527, pyropheophorbide derivates, such as 628,29,25a azahydroporphyrins30, bacterio-
purpurins 9 and bacteriopurpurinimides 831 benzoporphyrin derivatives 732, and bacteriochlorin 
analogues such as 10 (Figure. 1-4).33 
 
Scheme 1-2. Formation of chlorin diol 3 upon OsO4-mediated cis-dihydroxylation of porphyrin 1Ar and 
formation of the two stereoisomers of bacteriochlorin tetraol 4 upon OsO4-mediated cis-dihydroxylation of 
chlorin 3. 
The resulting dihydroxychlorins and di or tetrahydroxybacteriochlorins tend to possess hypso-
chromically shifted optical spectra when compared to the corresponding all-hydro-compounds.24b 
They are also characterized by significantly higher chemical stabilities towards oxidation, albeit 
they may dehydrate under certain conditions.24b, 34 β-Alkylhydroxyhydroporphyrins can undergo 
acid-induced pinacol-pinacolone rearrangements to the corresponding oxochlorin.24b, 34 Further-
more, the β,β’-diol moieties of the diol/tetraolbacteriochlorins allow facile functional group 
transformations that result in the conversion of the pyrroline diol to a variety of non-pyrrolic 
heterocycles.8, 11a 
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Figure 1-4. Select examples of β,β’-hydroxy-chlorins and -bacteriochlorins made by OsO4-mediated 
cis-dihydroxylation of the corresponding porphyrins and chlorins. 
Oxochlorins and Oxobacteriochlorins 
The β,β’-bond of octaethylporphyrin (11) is susceptible to epoxidation by treatment with conc. 
H2SO4/H2O2; however, the intermediate epoxide I can only be inferred. Evidently, under the 
reaction conditions, the epoxide is ring-opened to the corresponding putative trans-diol II that 
subsequently undergoes a pinacole-pinacolone rearrangement to provide the isolated main 
product, oxochlorin 12 (Scheme 1-3). This reaction is long-known,35 though the gem-diethyl-keto-
structure connectivity of the products was recognized much later.36 The reaction does not halt at 
the oxochlorin 12 stage; it is further oxidized and all possible isomeric dioxobacteriochlorins 13 
and dioxoisobacteriochlorins 14 form in greatly varying yields (suggesting that the reaction is not 
merely controlled by statistics), in addition to (likely non-macrocycle aromatic) trioxoporphyrins.37 
A number of octaalkylporphyrin derived oxochlorins and dioxobacterio/isobacteriochlorins can 
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also be obtained by pinacolepinacolone rearrangements of the corresponding dihydroxychlorins 
and tetrahydroxybacterio/isobacterio-chlorins, respectively.27a, 38 The ease of insertion of Ni(II) into 
the dioxobacteriochlorins and dioxoisobacteriochlorins is noted to vary, likely reflecting their 
varying basicity.38b The regular ketone reactivity of the oxochlorins was demonstrated.38c, 39 
 
Scheme 1-3. Formation of oxochlorins, dioxobacteriochlorins, and dioxoisobacteriochlorins by treatment 
of octaethylporphyrin under epoxidizing conditions. 
In the context of the synthesis of the natural product tolyporphin 16 (8,18-dioxobacteriochlorin 
chromophore), or model complexes thereof, the groups of Kishi and Lindsey developed (stepwise) 
oxidation methodologies of gem-β-dialkylsubstituted bacteriochlorins 15 or 17 using a range of 
strong inorganic oxidants to generate the corresponding oxobacteriochlorins 18 and dioxo-
bacteriochlorins 16/19, respectively (Scheme1-4).40 
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Scheme 1-4. Oxidation of gem-β-dialkyl-substituted bacteriochlorins to the corresponding 
oxobacteriochlorins. PDC Pyridinium dichromate. 
meso-Aryl-β,β’-diones of type 23 are available along a number of oxidations of β-substituted 
porphyrins or chlorins (Scheme 1-5). For instance, β-nitration of a meso-tetraarylmetalloporphyrin 
1Ar-Cu, followed by demetalation and reduction to the β-aminoporphyrin 21 and singlet oxygen or 
SeO2-mediated oxidation, leads to β,β’-dione 23.41 A similar pathway is available via β-hydroxy-
porphyrin 20, itself available along an oxidation route from metalloporphyrins 1Ar-M.42 Likewise, 
β-hydroxychlorin 22, generated by oxidation of the chlorin on silica gel, is susceptible to oxidation 
to dione 23.43 Perhaps the conceptually most straight-forward synthesis of the dione is by 
oxidation of the corresponding diolchlorin 3, using a number of possible oxidants.44 Select 
oxidation pathways have also been demonstrated for the synthesis of 7,8,17,18- (24) and 
7,8,12,13-tetraones (25).26b, 45 Owing to the presence of the π-conjugated dione functionality, the 
meso-aryl-β,β’-diones of type 23 possess greatly perturbed UV-vis spectra compared to 
porphyrins or chlorins.46 The dione functionality shows typical carbonyl reactivity and the 
porphyrin diones have been converted to the corresponding anhydrides,47 oximes,48 dialkoxy-a-
oxochlorins49 and diazo-a-oxochlorins.50 
N
NN
N
H
H
N
NN
N
H
H
O
N
NN
N
H
H
O
O
17 1918
MnO2 PDC
NN
N N
O
O
O
O
H
H
OAc
AcO
OAc
OAc
16
H
H
NN
N N
O
O
H
H
OAc
AcO
OAc
OAc
15
H
H CrO3, NHN
Chapter 1. Introduction 
 
 
12 
 
Scheme 1-5. Formation of β,β’-dioxoporphyrin 23 along a number of complimentary oxidation routes, 
ultimately all resting on the conversion of meso-tetraarylporphyrin 1Ar, or its metal complexes. DMP º 
Dess-Martin periodinane; IBX º 2-iodoxybenzoic acid; DDQ º 2,3-dichloro-5,6-dicyano-1,4-benzoquinone. 
Porpholactones 
Porpholactones 27 are meso-tetraaryl-substituted porphyrins in which a porphyrin β,β’-bond 
is replaced by a lactone moiety.11a On account of the presence of the sp2-lactone carbon atom, 
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porpholactones possess porphyrin-like optical properties.51 Porpholactones were discovered as 
a fortuitous oxidative degradation product.47a, 52 Since this discovery, a number of oxidative 
pathways to generate porpholactones from β-derivatized (20, 21, 23) and β-underivatized (1F) 
porphyrins and chlorins (3) have been described (Scheme 1-6).53 In fact, the porpholactones 
appear to be fairly common products when the β-positions of meso-arylporphyrins are being 
oxidized, suggesting that porpholactones might be a thermodynamic sink in the β,β’-oxidative 
degradation pathway of porphyrins, irrespective of the starting material.51 The porpholactone 
analogues of carbaporphyrins,54 dithiaporphyrins,55 and porphyrin-N-oxides have also been 
reported, all invariably formed by the oxidation of suitably activated precursors.47b, 56 
 
Scheme 1-6. Representative oxidative pathways leading from variously β-substituted porphyrins and 
chlorins to porpholactones 27. 
The syntheses of porpholactones fall broadly into two categories: One in which a β-activated 
porphyrinoid is the direct precursor, forming selectively a single porpholactone, and one in which 
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meso-tetrakis(pentafluorophenyl)porphyrin 1F is oxidized in a non-selective fashion, forming 
monoporpholactone 27, all isomers of the bacteriochlorin-type 28 and isobacteriochlorin-type 29 
dilactones (Scheme 1-7).57 The separation of the dilactone isomers is challenging.57a, 58 
 
Scheme 1-7. Conversion of meso-tetrakis(pentafluorophenyl)porphyrins to porpholactone and 
porphodilactones. The naming of the isomers is derived from the formal numbering of porphyrins, with the 
numbers characterizing the isomers indicating the position of their oxo-groups. 
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Porpholactones, in their free base form or as their metal complexes, have found varied uses 
as model compounds for naturally occurring chlorin-type prosthetic groups,53a nitrogen transfer,59 
sulfoxidation,60 or epoxidation catalysts,61 photocatalyst for oxidative C-H activation,62 as 
oxygen-,63 high pH-,7, 64 or cyanide-sensing chromophores,65 as NIR emitters,66 lanthanide 
sensitizers,67 and the lactone moiety was shown to also enhance the cellular uptake and 
intracellular localization selectivity of photosensitizers.68 
Porpholactones also show rich chemistry. Relevant in the context of this chapter, porpho-
lactones are susceptible to reductions, whereby either the lactone moiety can be reduced in a 
stepwise fashion and/or alkylated,51, 66, 69 generating a chlorinlike chromophores (oxazolochlorins 
22, 31, or 32). Alternatively, and controlled by the reductant used, the pyrrole opposite or adjacent 
the oxazolone is reduced, creating chlorolactone isomers 30-II or 30-I, respectively, chlorin-
analogues with bathochromically shifted chlorinlike optical spectra.70 
 
Scheme 1-8. Select reduction reactions of the porpholactones. 
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The β-alkyl-analogue to the porpholactones, hexaethylporpholactone 33 (Figure 1-5), 
accessible along a likely non-general and little understood oxidation pathway, was recently 
reported.71 
 
Figure 1-5. Structure of heptaethylporpholactone 33. 
Cycloadditions Involving Oxygen and Ozone 
One special case of a 4+2 cycloaddition involving β-vinylporphyrins is the addition of singlet 
oxygen (1O2), frequently generated by photo-sensitization of triplet oxygen (3O2) by the porphyrin 
itself (Scheme 1-9). The long-known conversion of protoporphyrin 10 to photoprotoporphyrin 47 
is an example for this reaction.72 The initially formed endoperoxide 46 can be reduced to the final 
product, chlorin 47. We again like to point out that a formal oxidation has led to the formation of a 
chlorin chromophore, formally a hydroporphyrin. 
 
Scheme 1-9. Formation of photoprotoporphyrin singlet oxygen cycloaddition to protoporphyrin, and 
reduction of the endoperoxide formed. 
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The generation of hydroporphyrins through oxidative methods has surprisingly long been 
known. Fischer and Deželić reported, in 1933, that the careful oxidation of β-octaalkylporphyrins 
(such as etioporphyrin I) with ozone generates chlorin-like chromophores, but the proposed 
‘chlorin ozonides’ could not be verified.73 In 1977, Shul’ga et al. found that the chlorin-like 
chromophores were heptaalkyloxazolochlorin hemiacetals, such as 37 (Scheme 1-10) in which a 
pyrrolic subunit of the porphyrins was replaced by an oxazoline moiety.74 Thus, a pyrrolic β-carbon 
with its alkyl substituent was excised and replaced by an oxygen atom, and the neighboring 
β-carbon was hydroxylated. A mechanism resting on the typical 3+2 cycloaddition reaction for 
ozone with the porphyrin β,β’-bond was proposed.74 The synthesis of 37 was later optimized and 
the chemistry of this oxazolochlorin hemiacetals studied (e.g., conversion to alkyl acetals 38 that 
are chemically more stable than the hemiacetal or alkylation to form gem-dialkylderivatives).71 An 
oxidation reaction generated a unique tetrahydrofuran-linked oxazolochlorin dimer and eventually 
hexaethylporpholactone 33.71 Some of the reactivity of 37 resembled the chemistry of the meso-
aryloxazolochlorins 22 made by chemical reduction of the corresponding porpholactones.51, 69, 75 
 
Scheme 1-10. Ozonation of OEP (11), according the mechanistic proposal by Shul’ga et al.71, 74,including 
the putative mechanism of formation of oxazolochlorin 37. 
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β,β’-Bond Breaking Reactions: Secochlorins and Chlorophins 
No naturally occurring porphyrinic compound is known that carries a building block derived 
from a pyrrole that is cleaved at the β,β’-position, not even among the porphyrin and chlorophyll 
degradation products.76 However, a number of discoveries have shown that the cleavage of β,β’-
bonds or even the complete removal of β-carbons is readily possible.8, 11, 77 Porphyrins containing 
a cleaved β,β’-bond are generally referred to as secochlorins; in chlorophins, one or both β-carbon 
atoms were entirely removed from the macrocycle. 
 
Scheme 1-11. Oxidative ring-cleavage reactions of chlorin diols. 
Conceptually the most straight forward access to secochlorins is by oxidative cleavage of an 
activated β,β’-bond of a porphyrin or chlorin. For instance, the cleavage of a chlorin diol (for its 
formation, see below) by sodium periodate (NaIO4, generally heterogenized on silica gel) or lead 
tetraacetate (Pb(OAc)4) provides, depending on whether a β-alkylated (39) or non-alkylated 
chlorin diols (such as 3) were oxidized, the secochlorin diketone 40 or the secochlorin dialdehyde 
41, respectively (Scheme 1-11).78 Other secochlorin formation reactions have become known, 
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including the reaction of β-hexaalkyl-β,β’-dimethoxyporphyrins with singlet oxygen,79 or the 
(diacetoxy)iodobenzene (PhI(OAc)2)-mediated cleavage of [β,β’-diaminoporphyrinato]M(II) 
complexes (M = NiII, ZnII), generating [secochlorinato]M dicyanides.80 Secobacteriochlorins, 
chromophores derived by diol cleavage of both sets of diols of tetrahydroxybacteriochlorins (such 
as 4) have also become available, but they are highly sensitive to degradation, and thus best 
reacted in situ.33c, 81 Similar to the related β,β’-dioxochlorins, the optical properties of the seco-
chlorins are drastically distorted from those of porphyrins or chlorins.11a 
 
Scheme 1-12. Oxidative degradation pathways of a porphyrin to chlorophins 43 and 45-Ni, and 
bacteriophin 46-Ni. 
Importantly, the secochlorin dialdehydes are versatile starting materials for a range of 
porphyrinoids containing non-pyrrolic building blocks along with a range of ring-closing 
reactions.8, 11, 77 The step-wise deformylations of the secochlorin dialdehyde Ni complex 43 
generates chlorphins 42 and 43 (Scheme 1-12).82 An alternative and efficient method to affect the 
degradation of the porphyrin framework is treatment of the β-tetrabromoporphyrin Ni complex 44-
Ni with the anion of E-benzaldoxime at elevated temperatures in the presence of a Cu(I) catalyst.83 
The reaction generates the intermediate chlorophin 45-Ni (of different stages of bromination) and 
the final product [bacteriophinato]Ni(II) complex 46-Ni. 
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1.3.1.2 Oxidations of the meso-Positions 
Oxophlorins and Related Macrocycles 
Oxophlorins are a class of porphyrinoid macrocycles derived from oxidation of (metallo)-
porphyrins at a single meso-position (Figure. 1-6). Oxophlorins may exist in either the keto- (47-
I) or enol-tautomer (47-II), whereby the position of the equilibrium is determined by their 
metallation, the solvent, or the acidity/basicity of the environment.84 
 
Figure 1-6. Structures of key meso-oxidized porphyrin macrocycle classes. 
The oxidation of a porphyrin, such as octaethylporphyrin 11/11-M, to their corresponding 
oxophlorins 48/48-M can be accomplished, for instance, using peroxide-based oxidants or Tl(III)-
based hydroxylation methods (Scheme 1-13).85 The chemistry of oxophlorins has been investi-
gated in detail as the natural heme degradation process begins with a meso-hydroxylation 
reaction (see below). The redox characteristics of the β-octaalkyloxophlorins were studied and 
compared against those of octaethylporphyrin.86 In general, oxophlorins are more readily oxidized 
to the corresponding π-radicals than porphyrins. Crystal structures investigations of the keto- 
(48-I) and enol-(48-II) tautomers suggest that the two forms possess considerably different 
macrocycle conformations. This switching of conformations and the associated facilitated 
oxidations of oxophlorins were proposed to be the functional basis for the natural break-down 
mechanism of heme.87 
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Scheme 1-13. Synthesis of oxophlorins by oxidation of porphyrin. TTFA = thallium(III) trifluoroacetate 
Oxophlorins made by total synthesis served as key intermediates in the synthesis of 
porphyrins; their reduction resulted in the formation of the corresponding porphyrins.84 The 
coordination chemistry of octaethyloxophlorin complexes varies from that of the corresponding 
octaethylporphyrins in that the meso-OH group of one complex can act as an axial ligand for 
another, as in complex 49-Fe.88 These complexes show a rich redox chemistry. Ligand and metal-
based redox events can be distinguished that retain the dimeric forms of the complexes, or 
monomeric units are formed, before bilins are irreversibly formed by oxidation.88b, 89 
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Figure 1-7. Structure of oxophlorin oxidative meso-meso-addition products. 
Octaethyloxophlorin metal complexes may also undergo one-electron oxidations in air, 
forming neutral p-radicals that may dimerize regiospecifically at the meso-position opposite the 
meso-oxo functionality, for instance forming dimer 50 (Figure 1-7).90  
 
Scheme 1-14. The formation of octaethylxanthoporphyrinogen 53 by a nitration/replacement sequence of 
11-Zn. 
The regiochemical preference can be altered by substitution, as the formation of a regio- and 
stereochemically pure tetramer of oxophlorins 51 highlights.86 All four meso-positions can be 
converted to oxo-functionalities via a nitration91 and substitution strategy,92 thus generating via 
octanitroporphyrin 52 octaethylxanthoporphyrinogen 53 (Scheme 1-14). 
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1.3.1.3 Oxidative Macrocycle-Opening Reactions: Biliverdins 
Distinct from the macrocycle-aromatic tetrapyrrolic compounds are their ring-opened 
congeners, the bilins (Figure 1-8). Bilins can be made by total synthesis or by oxidative ring 
cleavage of porphyrins.93 When formed by oxidation of a porphyrin, they generally carry oxo-
functionalities at the cleavage positions, and the meso-carbon is lost. Their optical properties 
reflect the presence of conjugated but non-macrocycle-aromatic chromophores. The chemistry 
and optical properties of the ring-opened oligopyrrolic pigments have been reviewed.94 
 
Figure 1-8. Structures of key meso-ring-opened porphyrin classes. 
Ring-opening reactions of porphyrins and hydroporphyrins as a result of oxidative attacks at 
the mesopositions are common in biology. For instance, heme from senescent erythrocytes is, 
when catalyzed by the enzyme heme oxygenase, regioselectively degraded along a mesoring-
opening pathway. The mechanism is known Scheme (1-15):95 mesoHydroxylation generating 55 
is followed by iron reduction and excision of the meso-carbon as CO, forming the intermediate 
verdoheme 56. This product is subsequently ringopened to the green openchain tetrapyrrolic 
pigment biliverdin 59, whereupon the metal is also lost. In the next step, biliverdin is then reduced 
to the yellow tetrapyrrolic pigment bilirubin 58 that is further metabolized, or used as a precursor 
for the many functional bilins in photosynthetic organisms.96 Abiotic oxidative ringopenings of 
heme are not regiospecific and result in the formation of all four possible biliverdin regioisomers.97 
N
N N
O
N
O
H H
H
Biliverdin
(Bilin-1,19-dione)
N
N N
N
Bilin
H
Chapter 1. Introduction 
 
 
24 
 
Scheme 1-15. Heme oxygenase-catalyzed heme metabolic pathway toward biliverdin 57 and bilirubin 58. 
Many of the early stage degradation products from senescent chlorophyll (such as chlorophyll 
a 59) are also derived from ring-cleavage reactions at the meso-position, with the distinct 
difference being that the meso-carbon is frequently not lost and remains on the open-ring tetra-
pyrrolic pigment (as in the red Chl catabolite 60, Scheme 1-16). Multiple examples also exist in 
which the meso-position adjacent to the pyrroline moiety is cleaved.98 
 
Scheme 1-16. First steps of a representative chlorophyll degradation pathway during green leave 
senescence. 
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The heme degradation process can also be mimicked in vitro, albeit this uncatalyzed cleavage 
reaction is not regiospecific and up to four products (denoted a through d) resulting from ring 
cleavage at all possible nonequivalent meso-carbons of non-symmetric porphyrins are formed.97 
Oxidations occurs preferentially at the most electron-rich meso-position. Only a single tetrapyrrolic 
product is formed when ring-opening symmetric porphyrins, such as the iron complex of octaethyl-
porphyrin (Scheme 1-17).89c, 99 The yields of these reactions are generally low as the oxidation 
conditions needed to cleave the aromatic ring are generally also potent enough to further degrade 
the linear tetrapyrrolic product. 
 
Scheme 1-17. Bilin-forming pathways of octaethylporphyrinato metal complexes. 
The oxidative ring opening reaction of the iron complex of octaethylporphyrin 11-M proceeds via 
an isolable verdoheme intermediate, containing iron in either the oxidation state +II or +III. The 
ring opening of verdoheme is possible along either hydrolytic or oxidative pathways, forming either 
61-M, 62-Fe, or 63.99-100 In addition to the oxidations via the verdoheme intermediate, the iron 
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complexes of mesoaminooctaethylporphyrin (64) also undergoes rapid oxidative ring-opening 
reactions under a number of conditions that retain the mesocarbon in the bilins, such as in 
a-esterbiliverdin 65-Ni, and a-cyanobiliverdin 65-Fe (Scheme 1-18).101 
 
Scheme 1-18. Ring-opening pathways of octaethylporphyrinato complexes producing bilins that retain the 
meso-carbon at the cleavage site. 
The singlet oxygen-driven photo-oxygenation of metallooctaethylporphyrins (M = Zn(II), 
Mg(II)) leads also to the formation of metalloformylbilins 66-M.102 Surprisingly, the corresponding 
oxidation of metallochlorins trans-67-Zn leads to a meso-ring cleavage before oxidation of the 
pyrroline moiety of the chlorin to a pyrrole, thus forming the two isomeric formyldihydrobiliverdin 
isomers 68-Zn-I and 68-Zn-II (Scheme 1-19).103 
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Scheme 1-19. Formation of formylbilins by singlet oxygen-mediated oxidation of metallo -porphyrins and -
chlorins. 
Asymmetric synthetic porphyrins and chlorins may also be regioselectively ring-opened if the 
ringopening reaction is preceded by a regioselective activation step. For an example the synthetic 
bilin model 70, derived from the meso-trifluoroacetoxylated octaethyloxochlorin Zn complex 69 
(Scheme 1-20).104 Curiously, this compound adopts a stretched near-planar conformation with 
the central double bond in the E-configuration. This finding is attributed to the facile isomerization 
of the central double bond that is in conjugation with the b-oxo functionality. 
 
Scheme 1-20. Formation of octaethyloxochlorin-derived bilverdin 70. TTFA º thallium(III) trifluoroacetate. 
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3.3. Oxidations at the Nitrogen Atoms 
The oxidation of porphyrins under certain conditions may also lead to the formation of 
porphyrin N-oxides, such as octaethylporphyrin N-oxide 71. 105 Surprisingly, porphyrin N-oxides 
still can form metal complexes with Ni(II), Cu(II), Zn(II), Fe(III), and Tl(III) in which the oxygen 
bridges one N-M bond.105-106 The significance of the porphyrin N-oxide Fe(III)-complexes with 
respect to possible heme degradation products or P-450 suicide reactions has been discussed.107 
The meso-tetraarylporphyrin N-oxide analogs, such as 72, can be synthesized from their corres-
ponding porphyrins by oxidation using either hypofluorous acid or organic acid peroxides, such 
as peracetic, permaleic acid or m-CPBA.106a, 107b, 108 More recently, the use of methyltrioxo-
rhenium/H2O2/pyrazole has been described to also be suitable for the high-yield N-oxidation of 
porphyrins and thiaporphyrins.109 In addition, the N-oxide of 2-oxa-octaethylporphyrin 48 has been 
reported to form by treatment of 48 with peracids.110 
 
Scheme 1-21. Formation of porphyrin N-oxides by oxidation of the corresponding free base porphyrins. 
MTO º methyltrioxorhenium. 
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2 Oxidations of Chromene-Annulated Chlorin 
Diverse methods to achieve the conversion of porphyrins to chlorins were reported.1 
The search for chromophores possessing high extinction values in the red and NIR wave-
length region are primarily driving this work. This property allows the capture of more light 
of longer wavelengths for light harvesting applications or the use of wavelengths within 
the spectroscopic window of tissue to excite or probe the chlorins used as photo-
sensitizers, contrast agents, or labels in biological systems, respectively. 
We introduced the OsO4-mediated dihydroxylation of meso-tetra-arylporphyrins 1 to 
generate the corresponding 2,3-vic-dihydroxychlorins 2 (Scheme 2-1).2 We also 
demonstrated the versatility of the dihydroxypyrroline moiety in a number of oxidative 
functional group conversions, whereby different oxidants resulted in different oxidation 
products.3 For example, diol 2 was oxidized to dione 3 using DDQ. Treatment of diol 2 
with permanganate (in the form of KMnO4 on silica gel, KMnO4 in the presence of the 
phase-transfer catalyst 18-C-6, or cetylMe3N+MnO4–), lead to the formation of porpho-
lactones 4.4 Thus, the diol functionality was cleaved, a carbon atom excised, and an 
oxidative ring closure formally replaced one b-carbon with an oxygen atom. A number of 
alternative pathways toward diones 35 and porpho-lactones 46 are available. Milder 
oxidants, such as periodate or lead(IV) acetate, generated secochlorin bisaldehyde 5.7 
The bisaldehyde moiety proved to be particularly versatile in the synthesis of a variety of 
porphyrin and chlorin analogues containing non-pyrrolic heterocycles, such as oxazole, 
imidazolone, pyrazine, or morpholine moieties.3, 8 
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Scheme 2-1. Known synthesis of dihydroxychlorins 2, its oxidative transformations, and the 
formation of chromene-annulated chlorins 6 
Dihydroxychlorin 2F can also undergo an intramolecular SNAr reaction:9 Under thermal 
or strongly basic conditions, one (or both) of the hydroxyl groups of meso-tetrakis(penta-
fluorophenyl)chlorin diol 2F replaces an o-fluorine atom of a flanking meso-C6F5 group, 
forming chromene-annulated chlorin 6 (Scheme 2-1). Related intramolecular SNAr 
reactions in the formation of intramolecular linkages are well-known.10 Typical for the near-
co-planar aryl group that increases π-overlap with the chlorin chromophore,9 chromene-
annulated chlorins or the corresponding chromene-annulated bacteriochlorins,11,12 are 
characterized by modestly red-shifted optical spectra compared to the non-annulated 
chromophores. 
A number of porphyrin- and porpholactone- based chromophores of varying oxidation 
states of their modified b,b’-double bonds have been realized, each with unique optical 
properties (Figure 2-1). Porphyrins 1 possess–naturally–porphyrin-like optical spectra.13 
Diols 2 are typical chlorins, albeit with ~10 nm blue-shifted optical spectra compared to 
that of the parent non-hydroxylated chlorins 7, with the mono-hydroxylated species 8 lying 
N
N N
N
Ar
Ar
ArAr H H
1. OsO4
2. reduction
N
N N
N
Ar
Ar
ArAr H H
OH
OH
NaH or DMF, Δ
for Ar = C6F5 N
N N
N
C6F5
C6F5C6F5
H
H
OH
OF
F
F
F
Ar = C6H5, 1
Ar = C6F5, 1F
R = H, 6
N
N N
N
Ph Ph
Ph
Ph O
O
H
H
N
N CHO
CHO
N
N
Ph Ph
Ph
Ph
5
H
H
N
N
O
N
N
Ar Ar
Ar
Ar O
H
H
DDQ MnO4– Pb(OAc)4 orNaIO4/silica
Ar = C6H5, 2
Ar = C6F5, 2F
Ar = C6H5, 4
Ar = C6F5, 4F
3
for 2H
Chapter 2. Oxidation of Chromene-annulated Chlorin 
 
 
39 
in between.14 Dione 3 is characterized by a much distorted optical spectrum with extremely 
broadened Q-band(s), lacking a highest-intensity lmax Q-band that would characterize it 
as a chlorin.2, 15 However, its MCD spectrum classifies it as a chlorin, and its oximes 
possess chlorin-like UV-spectra, also.15-16 Chlorin-like monoketone 9a is present in tauto-
meric equilibrium with its porphyrin-like enol form 9b.17 Porpholactone 4 is a chromophore 
with a porphyrin-like spectrum, though its metal complexes have chlorin character.4a, 6b 
Reduction of the lactone to a hemiacetal 11,4a or oxazolo-chlorin 12, or its conversion to 
an sp3-hybridized carbon through nucleophilic attack (10),18 also generates chlorin-like 
molecules.4a Other intermediate oxidation state chromophores, such as those containing 
moieties I or II are not yet known. 
 
Figure 2-1. Pyrrole/pyrroline/oxazole/oxazoline building blocks in meso-tetraaryl-porphyrinoids of 
graded oxidation states. Red = porphyrin-like spectrum; green = chlorin-like spectrum; black = as 
yet unknown chromophore. 
Chromene-annulated chlorin 6 is equivalent to a mono-protected chlorin diol. Is, there–
fore, chromene-annulated chlorin 6 a suitable substrate for the generation of these missing 
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intermediate oxidation state compounds through carefully calibrated oxidations? Will the 
chromene moiety be retained in these conversions? This contribution investigates these 
questions. In so doing, we are demonstrating the conversion of chlorin 6 into a number of 
novel chromophores, some of which fill the oxidation state gaps between diol 2 and 
porpho-lactone 4. Key products were structurally characterized. Their optical properties 
further highlight what structural features delineate the conversion of a porphyrin-type 
chromophore into a chlorin-type chromophore. In due course, we also formed directly 
linked chromene-annulated dimers and discovered the potential of some of the new 
derivatives to act as chemosensors. 
2.1 Results and Discussion 
2.1.1 Testing oxidants on chlorin diol 2F 
To broaden the toolset for the oxidations to be accomplished, we tested a number of 
oxidants on dihydroxy-chlorin 2F (Table 2-1). DDQ, an oxidant well-known to affect the 
conversion of the non-fluorinated chlorin diol 2 to generate the dione 3 in high yields,2 
showed no reactivity toward the oxidation of diol 2F. Oxoammonium salts emerged as mild 
metal-free oxidants for a variety of (benzyl) alcohols,19 but chlorin diol 2F (as well as 2) 
proved to be inert toward Bobbitt’s reagent 13.  
The use of PCC showed little selectivity with respect to the formation of the two major 
oxidation products, dione 3F or porpholactone 4F, while Swern oxidation formed 
exclusively dione 3F. The moderate yield of this reaction is attributed to the concomitant 
decomposition of the chromophores. CrO3, on the other hand, provided rapidly and 
selectively only porpholactone 4F in excellent isolated yields. This oxidant is thus more 
convenient (simpler work-up) and slightly higher yielding than the previously reported 
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MnO4– based oxidants for this chlorin-to-lactone conversion.4 In fact, the two-step method 
toward porpholactone 4F from porphyrin 1F may be overall the highest-yielding method 
among all known methods to generate this versatile chromophore.6b, 6c, 20  
We thus identified three oxidation methods (CrO3, KMnO4/H+,4a Swern oxidation) as 
suitable for the oxidation of chromene-annulated chlorin 6. Unlike the well-known dione 2 
accessible along a number of pathways,2, 6a, 21 brown-colored dione 3F is novel. It 
possessed all expected analytical data. For instance, its 1H NMR spectrum reflected its 
two-fold symmetry and the b-carbonyl signals were observed in its 13C NMR (186.26 ppm) 
and IR spectra (nC=O at 1731.9 cm-1). Its UV-vis spectrum and solvatochromic behavior will 
be described below. 
Table 2-1. Outcome of the oxidation of dihydroxychlorin 2F using different oxidants. 
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2.1.2 CrO3 oxidation of chromene-annulated chlorin 6 
 
Scheme 2-2. CrO3 and KMnO4 oxidations of 6, and possible isomers and tautomeric equilibria 
involving the products. 
Treatment of dark purple chlorin 6H with CrO3 in the presence of pyridine produced at 
ambient conditions within 30 min a non-polar bright pink compound 14 (Scheme 2-2) with 
C6F5-porpholactone-like optical absorption and emission spectra (Figure. 2-2). The 
composition of product 14 of C43H10F19N4O3 (for [M+H]+ as per HR-MS) indicated the 
replacement of the elements of CH2 in chlorin 6 by an O atom. Porpholactone-typical 
carbonyl signals could be seen in its 13C NMR (174.63 ppm) and IR spectra (nC=O at 
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1761.96 cm-1). The presence of a lactone moiety implies that the annulated chromene 
moiety was opened, establishing a meso-C6F4-o-OH-group. Indeed, no H-F coupling 
between the o-F of the chromene moiety and the neighboring b-hydrogen diagnostic for 
chromene-annulated compounds could be detected.9, 11 The 1H NMR spectrum of the 
compound indicated the presence of a 1:1 mixture of two compounds, e.g., four NH 
protons could be recognized that could be correlated by H1-H1-COSY spectroscopy to two 
independent products (Figure 2-23). This is consistent with the fact that there are two 
possible isomers for 14, isomer 14-A bearing the meso-phenol group next to the ring 
oxygen, and isomer 14-B bearing this group next to the lactone carbonyl group. We did 
not achieve their chromatographic separation.  
 
Figure 2-2. UV-vis absorption (solid traces) and fluorescence emission (broken trace) spectra 
(CH2Cl2) of the compounds indicated, λexcitation =λSoret. 6H λmax (log ε): 663 (4.70) nm; 14: λmax (log 
ε): 642.0 (4.68) nm. 
Theoretically, isomer 14-B could exist in two tautomeric forms, the open ring form 
14-B, tautomer O, and the ring-closed form 14-B, tautomer C, resulting from the 
intramolecular attack of the phenolic oxygen onto the lactone carbonyl group. The 
susceptibility of meso-C6F5-porpholactones to nucleophiles is well-known.18, 22 However, 
we find no indications that the ring-closed form is present: The phenolic OH groups can 
be well-identified, there are no o-F–b-H NOESY correlations that would indicate the 
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presence of a C6F4OH group that is forced into co-planarity with the chlorin ring, and the 
regular porphyrin-like spectrum of 14 is retained. 
A single crystal structure of 14 could be obtained. However, the structure is fraught by 
the presence of a 1:1 mixture of both possible isomers and extensive disorder of the 
position and orientation of the lactone moiety, as also commonly observed in other 
porpholactone crystal structures.4a, 20a, 23 Furthermore, the C6F4OH group is disordered 
over all four possible meso-positions, assuming both possible atropisomers at each 
position. In summation, this makes an accurate assignment of the position of the lactone 
and hydroxyl groups impossible and renders the determination of metric details pointless. 
Importantly, however, there are no indications for the presence of a ring-fused form of type 
14-C. In conjunction with MS and NMR data, the structure thus serves irrespective of its 
shortcomings to confirm the ring-opened porpholactone connectivity of 14. 
2.1.3 KMnO4–/H+ oxidation of chromene-annulated chlorin 6 
Treatment of dark purple chlorin 6 with KMnO4/TFA produced at ambient conditions 
within 40 min a polar green-colored compound 15OH in ~35% yield. Its composition of 
C44H10F19N4O3 (for [M+H]+, as per HR-MS), indicated that no carbon atom was lost in the 
transformation, but two hydrogens were removed, and an oxygen added. The presence 
of a carbonyl group (at d = 196.5 ppm in the 13C NMR spectrum and a nC=O at 1745.6 cm-1), 
the conversion of one of the two pyrroline sp3-hybridized carbons of 6 to a quaternary 
carbon (as per DEPT spectrum) at d = 92.43 ppm and the presence of an exchange-
able -OH proton (at d = 4.87 ppm in the 1H NMR spectrum) allow the assignment of the 
a-hydroxy ketone structure for 15OH. It thus constitutes one of the desired target products 
(corresponding to structure II). 
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The chlorin-type UV-vis and fluorescence spectra of 6F are retained in product 15OH, 
with lmax being ~10 nm red-shifted compared to that of parent chlorin 6 (Figure 2-3). 
However, the chlorin character of the UV-vis spectrum of 15OH is much diminished (i.e., 
lmax is only by a small margin the most intense Q-band), likely an effect of the net oxidation 
of the b-position. 
 
Figure 2-3. UV-vis absorption (solid traces) and fluorescence emission (broken trace) spectra 
(CH2Cl2) of the compounds indicated, λexcitation =λSoret. 
Similarly to compound 14-B, the a-keto hemiacetal functionality of 15OH can 
perceivably also exist in two forms: The chromene ring-closed hemiacetal form C and the 
diketone open ring form O. The NMR spectra of 15OH in CDCl3 showed no indications for 
the presence of the open ring form O. In particular, the b-H-o-F coupling diagnostic for the 
presence of the chromene moiety is retained. However, and as discussed in more detail 
below, compound 15OH is subject to dramatic solvatochromic effects, demonstrating that 
the position of the equilibrium between the two forms (and its solvent adducts) is solvent-
dependent. 
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2.1.4 Swern oxidation of chromene-annulated chlorin 6 
Treatment of chlorin 6 under Swern conditions generated four isolable products, each 
in moderate yields (Scheme 2-3): a-Hydroxyketone 15OH, also observed in the KMnO4 
oxidation of 6, a-thiomethyl-ether ketone 15SCH3, and two dimeric species, 16 and 17.  
 
Scheme 2-3. Swern oxidation of chromene-annulated chlorin 6. 
Even though this reaction is, for its lack of selectivity, much less synthetically useful, 
the products were readily separated and their analysis suggested intriguing structures. 
Methylthioether derivative 15SCH3 possesses analytical and spectroscopic signatures (inter 
alia, methyl signal at d = 2.56 ppm and 9.5 ppm in its 1H and 13C NMR spectra) that are 
very similar to those of the a-hydroxy ketone 15OH, including its optical properties in CH2Cl2 
(Figure 2-4).  
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Figure 2-4. UV-vis absorption (solid trace) and fluorescence emission spectra (broken trace) 
(CH2Cl2) of 15SCH3; λexcitation = λSoret. 
The structure of 15SCH3 was confirmed by single crystal X-ray diffractometry 
(Figure 2-5). The oxidation and introduction of the a-SCH3 group did not significantly 
change the key metric parameters of the chromophore compared to those calculated or 
experimentally observed for other chromene-annulated chlorins.9, 11 Two independent 
molecules of slightly varying conformations are present in the unit cell. Both molecules are 
mostly ruffled with some waving deformations, but one molecule is significantly more 
ruffled than the other (Figure 2-6). This reveals some of the conformational flexibility of the 
chromophore.  
 
Figure 2-5. A. Stick representation of the X-ray single crystal structures of 15SCH3. Only the less 
planar conformer of the two independent molecules of 15SCH3-2 in the unit cell is shown (cf. to Fig. 
2-6). All hydrogen atoms bonded to sp2-hybridized carbons and removed for clarity, as was the 
disordered solvent. 
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Figure 2-6. NSD analysis of the independent molecules in the unit cell. For details of the 
structure. 
The HR-MS (ESI+) analysis of the two other products 16 and 17 indicated their dimeric 
nature as their identical masses determined for their [M-H]- ions (1969.0567 for 16, 
1969.0649 for 17) was about twice the composition of a monomeric chromene-annulated 
chlorin. Their identical composition suggests that both dimers are formed by a direct 
linkage between the chromophores, and that they are isomers of each other. The signals 
for the b-ketone functionalities are present in both compounds, as are spectroscopic 
signatures for the annulated chromene moiety. The UV-vis spectra of 16 and 17 are both 
chlorin-like, but with much broadened and split Soret bands, showing a similarly strong 
degree of coupling between the two chromophores within these dimers (Figure 2-7). 
 
Figure 2-7. UV-vis absorption (solid traces) and fluorescence emission (broken traces) spectra 
(CH2Cl2) of the compounds indicated, λexcitation =λSoret. 
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The 1H, 19F, and 13C NMR data for the dimers suggest that dimer 16 is a symmetric 
homo-dimer, while 17 is a non-symmetric homo-dimer. Furthermore, their structural 
relationship to chromophore 15OH (or to 15SCH3) can be immediately recognized because 
all NMR signals of 15OH (except the signal corresponding to the –OH moiety), can be found 
(Figure 2-8). In particular, the chromene moiety is retained as both compounds show 
characteristic b-H-o-F long-range coupling (see ESI). However, in 16 the signals for the 
b-H atoms are spread over a much wider chemical shift range. In particular, the signal for 
the uniquely coupled b-H atom in 16 is much high-field shifted compared to the 
corresponding signal in 15OH, suggesting that this position is located in such a way that 
the diatropic ring current of one chromophore shifts the proton signal of the other moiety. 
This situation would be given, for example, of the high-field shifted proton sits above the 
chlorin macrocycle or the chromene-annulated moiety. 
 
Figure 2-8. 1H NMR spectra (CDCl3, 400 MHz, 25 °C) of the compounds indicated. 
The validity of this interpretation was confirmed by the single crystal structure analysis 
of homodimer 16 (Figure 2-9). That solution and solid state structures are commensurate 
with each other also shows that the dimer structure is likely conformational fairly inflexible 
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with respect to the relative position of the two monomeric units to each other. The 
dimerization has changed the conformation of the chromophore compared to that of 15SCH3 
in that each chromophore is similarly ruffled but saddling and waving deformation modes 
are also expressed (Figure 2-6).  
 
Figure 2-9. A: Stick representation of the X-ray single crystal structures of 16. Solvent (n-hexane) 
removed for clarity. A: Top view, along axis linking the two chromophores. B: Front view, 
meso-C6F5-moieties also removed for clarity. 
Dimer 17 is non-symmetric because of the observation of about twice as many signals 
in its 1H NMR spectrum as for 16 (Figure 2-8). Remarkable are two observations. There 
are clearly two b-H atoms showing the typical H-F long range coupling pattern diagnostic 
for the presence of two chromene-annulated moieties, but both are in very different 
chemical environments. Secondly, there is an apparent singlet in the b-region (at 
8.5 ppm), overlapping a doublet. The number of b-H atoms present as doublets and the 
sole singlet suggest the ring-sp3-carbon-to-b-carbon connectivity of non-symmetric homo-
dimer 17 as shown. Of the six possible b-positions this connectivity could have assumed, 
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both positions adjacent to the chromene-annulated moiety can be excluded (because of 
the coupling pattern seen for these b-H atoms). Molecular models suggest the best fit for 
the connectivity shown, but a linkage to any of the four other b-carbons cannot be fully 
excluded based on the spectroscopic evidence. In all cases, the proton on the ring-sp3-
carbon becomes diastereotopic, thus rationalizing its appearance as a doublet (at 
7.4 ppm) 
We previously observed the formation of oxazolochlorin dimers by acetal 
formation.7a, 24 However, the oxidative dimerization of porphyrins and chlorins is also well-
described, with multiple examples of b,b-, b-meso-, and meso-meso-linked dimers formed 
under oxidative conditions from the corresponding monomers.25 
2.1.5 Solvatochromic Properties of 2,3-Dioxochlorin 3F 
To compare the solvatochromic properties of 15OH with those of a compound that is 
electronically equivalent but that lacks the complications posed by the ability to form an 
intramolecular chromene-annulation, we used the hitherto unknown meso-tetrakis-(penta-
fluorophenyl)-2,3-dioxochlorin 3F. Since the meso-C6F5-groups have a distinct effect on 
the electronic structure13b and nucleophilicity of the b-carbonyl functionalities,22a we could 
not simply use known dione 3H. 
The Q-band region of the UV-vis spectrum of dione 3F (in CH2Cl2) is, like that of 3H, 
much broadened and red-shifted compared to that of a regular porphyrin or chlorin 
(Figure 2-10). The addition of ≥ 0.2% MeOH, however, immediately returns a typical 
dihydroxychlorin spectrum. A 1H NMR titration of 3F with MeOH (Figure 2-15) shows that 
upon addition of 1 equiv of MeOH, a non-symmetric species consistent with the 
hemiacetal form 3F·MeOH (Scheme 2-4) is formed next to parent 3F; two and more equiv 
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of MeOH convert all 3F to the mono-adduct. No further species are formed, even when 3F 
is dissolved in 100% CD3OD (Figure 2-14), suggesting that the bis-adduct does not form.  
 
Scheme 2-4. Synthesis and equilibria of 3F with its methanol adducts in the presence of MeOH. 
Mono-adduct [3F·CH3OH-H]– is also the major species observed in the ESI- MS 
spectrum of 3F in MeOH (m/z = 1035.0514). The corresponding 13C NMR spectra at 300 K 
show the disappearance of the carbonyl peak of 3F (at 186.3 ppm) but only low 
temperature (280 K) spectra show the signal (at 201.45 ppm) for the ketone a to the 
hemiacetal moiety. This attests to the fast dynamic conversion of either ketone to a 
hemiacetal moiety. 
 
Figure 2-10. Solvent-dependent UV-vis absorption spectra of 3F under in the solvents indicated. 
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2.1.6 Solvatochromic Behavior of 15OH 
Chromene-annulated acyloin 15OH shows also pronounced solvatochromism in the 
presence of alcohols (Figure 2-11). Like 3F, 15OH forms in the presence of MeOH a typical 
chlorin spectrum, comparable to that of dihydroxychlorin 2F. A notable blue-shift of the 
Soret band is interpreted as a sign of the ring-opening of the chromene-annulated ring 
system and the concomitant relaxing of the enforced non-planar conformation. Indeed, the 
H-F correlation diagnostic for the chromene-annulation is not visible in the 1H-19F COSY 
NMR spectrum of 15OH in CD3OD (Figure 2-35). In addition to the ring-opening, we surmise 
that 15OH is, like 3F, also subject to the formation of a mono-MeOH adduct (Scheme 2-5). 
Correspondingly, the 1H NMR spectrum of 15OH in CD3OD is much different from the 
corresponding spectrum of 15OH in CDCl3, the carbonyl group signal vanished from the 
13C NMR spectrum, and the ESI- mass spectrum of 15OH in MeOH showed the mono-
MeOH adduct [M·CH3OH-H]– (m/z = 1033.0543).  
 
Figure 2-11. Solvent-dependent UV-vis absorption spectra of 15OH under in the solvents 
indicated. 
In contrast, compound 15SCH3, the thioether analogue to 15OH, shows no solvato-
chromatic effects in MeOH, suggesting that the presence of only one b-ketone functionality 
is not sufficiently nucleophilic for a MeOH-adduct to form. This result is fully consistent 
with the lack of the observation of a bis-MeOH adduct for 3F or 15OH in the presence of 
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alcohol. Likewise, dimers 16 and 17 each containing only a single b-ketone functionality 
next to a non-hydrolyzable chromene-annulated moiety are also not subject to any 
solvatochromism.  
 
Scheme 2-5. Nucleophile-induced formation of the ring-opened form of 15OH, tautomer O with 
nucleophile added. 
An attempt to alkylate the hydroxy group of 15OH under typical Williamson ether 
formation conditions failed, and we only isolated porpholactone 14 (in ~60% yields). This 
reaction is similar to the known NaH-induced degradation of tetraphenyl-2,3-dioxochlorin 
3 to form porpholactone 4.6a 
2.2 Conclusions 
We have shown that the oxidation of chromene-annulated chlorin using different 
oxidants had different outcomes and generated a number of chlorin-type chromophores, 
including one of an oxidation state that occupies the space between the 2,3-dioxochlorins 
and the 2,3-dihydroxychlorins. The Swern oxidation protocol elicited a number of products 
that suggested the presence of radical pathways, including the formation of symmetric 
and non-symmetric chromene-annulated oxochlorin dimers. Some of the chromene-
annulated oxochlorins investigated are susceptibility of nucleophilic attack onto their oxo-
functionalities, resulting in the expression of regular chlorin spectra. We are currently 
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studying the suitability of these chromophores for the chemosensing of alcohols or other 
nucleophiles. 
2.3 Experimental Section 
2.3.1 Materials and Characterization 
Solvents and reagents (Aldrich, Acros) were used as received. 5,10,15,20-
Tetrakis(pentafluorophenyl)-2,3-dihydroxychlorin 2F and chromene-annulated chlorin 6 
were prepared as described in the literature.9 Aluminum-backed, silica gel 60, 250 μm 
thickness analytical plates, 20 ´ 20 cm, glass-backed, silica gel 60, 500 μm thickness 
preparative TLC plates, and standard grade, 60 Å, 32-63 μm flash column silica gel were 
used. Alternatively, flash column chromatography was performed on an automated flash 
chromatography system, on normal-phase silica gel columns. 1H and 13C NMR spectra 
were recorded on a Bruker Avance II 400 instrument in the solvents indicated; solvent 
peak suppression pulse sequences were applied, as indicated. UV-vis spectra were 
recorded on a Cary 50 and fluorescence spectra on a Cary Eclipse spectrophotometer, 
both Varian Inc. The fluorescence quantum yields (f) were determined relative to that of 
meso-tetraphenyl-porphyrin 1 (0.13 in CH2Cl2,);26 lexcitiation = lSoret. High and low resolution 
mass spectra were provided by the Mass Spectrometry Facilities at the Department of 
Chemistry, University of Connecticut. 
X-Ray Single Crystal Diffractometry. The crystallographic data in CIF format, have 
been deposied with the Cambridge Crystallographic Data Center. CCDC 1504764-
1504766 for 15SCH3 and 16. These data can be obtained free of charge from The 
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. 
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2.3.2 Synthesis and Characterization 
2.3.2.1 meso-Tetrakis(pentafluorophenyl)porpholactone 4F) – CrO3 Oxidation 
of Diolchlorin 2F 
5,10,15,20-Tetrakis(pentafluorophenyl)-2,3-cis-dihydroxychlorin 2F (100 mg, 9.92 × 
10-5 mol) was dissolved in pyridine (5 mL) in a 50 mL round-bottom flask equipped with a 
stir bar. The mixture was treated with CrO3 (~10 equiv, 100 mg, 1.01 × 10-3 mol). The flask 
was stoppered, shielded from light with aluminum foil, and stirred at ambient temperature. 
The disappearance of the starting material and appearance of the product was monitored 
by TLC. Once no further progress of the reaction was detectable (after ~30 min), CH2Cl2 
(25 mL) was added and the mixture was transferred into a 125 mL separatory funnel and 
washed with water (25 mL × 3). The organic phase was separated and filtered through a 
short plug of diatomaceous earth (Celite®) and dried over anhydrous Na2SO4. The solvent 
was removed to dryness by rotary evaporation. A gentle stream of N2 for several hours 
ensured that the crude material was thoroughly dried. The crude material was purified by 
flash chromatography (silica-CH2Cl2/25% hexanes). Product 4F was isolated in 80-86% 
yield (82 mg) as a pinkish red solid. Spectroscopic data for 4F as reported 
previously.4a, 6b, 6c, 18 
2.3.2.2 meso-Tetrakis(pentafluorophenyl)-2,3-dioxoporphyrin (3F) – PCC 
Oxidation of Diolchlorin 2F 
5,10,15,20-Tetrakis(pentafluorophenyl)-2,3-cis-dihydroxychlorin 2F (20.0 mg, 
1.98 × 10-5 mol) was dissolved in CH2Cl2 (5 mL) in a 50 mL round-bottom flask equipped 
with a stir bar. The mixture was treated with PCC (~5 equiv, 20 mg, 9.30 × 10-2 mmol). 
The flask was stoppered, shielded from light with aluminum foil, and stirred at ambient 
temperature. The disappearance of the starting material and appearance of the product 
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was monitored by TLC. Once no further progress of the reaction was detectable (after ~30 
min), CH2Cl2 (25 mL) was added and the mixture was transferred into a 125 mL separatory 
funnel and washed with water (3 × 25 mL). The organic phase was separated and filtered 
through a short plug of diatomaceous earth (Celite®) and dried over anhydrous Na2SO4. 
The solvent was removed to dryness by rotary evaporation. A gentle stream of N2 for 
several hours ensured that the crude material was thoroughly dried before the residue 
was purified by flash chromatography (silica-50% CH2Cl2/hexanes). The first fraction was 
a mixture of products 4F and 3F, subsequently separated by preparative TLC (silica-50% 
CH2Cl2/hexanes). Lactone 4F (Rf (silica-50 % CH2Cl2/hexanes) = 0.79) was isolated as a 
pinkish red solid in 31% yield (6.5 mg), and dione 3F was isolated in 24% (5 mg) yield as 
a brown solid. 3F: Rf (silica-50% CH2Cl2/hexanes) = 0.62; 1H NMR (400 MHz; CDCl3): 
d 8.96 (d, J = 4.8 Hz, 1H, b-H), 8.92 (d, J = 4.8 Hz, 1H, b-H), -8.69 (s, 1H, b-H), -2.28 (s, 
1H, NH) ppm; 19F NMR (376 MHz; CDCl3): d -136.6 (dd, J = 23.29, 7.84 Hz, 2F), -138.4 
(dd, J= 23.36, 7.67 Hz, 2F), -150.1 (t, J = 20.77 Hz, 1F), -151.5 (t, J = 20.88 Hz, 1F), -160.6 
(td, J = 21.51, 6.65 Hz, 2F), -161.8 (td, J = 21.44, 10.99 Hz, 2F) ppm; 13C NMR (100 MHz; 
CDCl3): d 186.3, 156.4, 155.9, 147.6, 145.13, 145.10, 142.4, 141.0, 139.1, 138.1, 134.8, 
128.7, 128.2, 127.0, 113.8, 107.4, 97.5, 77.34, 77.22, 77.02, 76.7, 72.6, 70.8, 70.6, 70.3, 
69.8, 67.3, 61.7, 57.0, 37.9, 32.3, 31.92, 31.86, 31.75, 31.71, 31.66, 31.63, 31.60, 30.9, 
29.7 ppm; UV-vis (CH2Cl2) λmax, (log ε): 396.0 (5.42), 700.5 (3.89) nm; IR ((neat, diamond 
ATR) uC=O = 1731.90 cm-1; HR-MS (ESI+, 100% CH3CN, TOF): calculated for 
C44H9F20N4O2 [M+H]+ 1005.0406, found 1005.0365. 
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Figure 2-12. UV-Vis (black solid trace) spectrum of 3F 
 
 
 
Figure 2-13. 1H NMR (400 MHz, CDCl3) spectrum of compound 3F 
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Figure 2-14. 1H NMR (400 MHz, black trace in CDCl3, red trace in 0.2%MeOH/CDCl3 and blue 
trace in CD3OD) spectra of compound 3F 
 
 
Figure 2-15. 1H NMR (400 MHz in CDCl3) titration spectra of compound 3F with methanol 
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Figure 2-16. 19F NMR (376 MHz, CDCl3) spectrum of compound 3F 
 
 
Figure 2-17. 13C NMR (100 MHz, CDCl3) spectrum of compound 3F 
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Figure 2-18. 13C NMR (100 MHz, black trace in CDCl3 at 300K, red trace in CDCl3 and 8 eq of 
MeOH at 280K) spectra of compound 3F 
 
 
Figure 2-19. IR (neat, diamond ATR) spectrum of compound 3F 
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2.3.2.3 meso-Tetrakis(pentafluorophenyl)-2,3-dioxoporphyrin (3F) – Swern 
Oxidation of Diolchlorin 2F 
DMSO (1 mL) was placed in a 50 mL round bottom flask and oxalylchloride (0.3 mL) 
was mixed in at -78 °C and stirred for 10 min. Then 2F (50 mg, 0.05 mmol) dissolved in 
CH2Cl2 (5 mL) and NEt3 (0.5 mL) was slowly added. The reaction mixture was stirred 
at -78 °C for about 10 min and then further stirred at r.t. for about 20-30 min. The mixture 
as diluted with CH2Cl2 (25 mL) and washed with water (3 × 50 mL). The organic layer was 
dried over anhydrous Na2SO4 and evaporated under reduced pressure. The crude product 
was purified by chromatography (silica–50% hexanes/CH2Cl2) to obtain 3F in 40-50% yield 
(25 mg) as the major fraction; multiple other products remained unidentified. 
2.3.2.4 5-(2’-hydroxy-3’,4’,5’,6’-fluorophenyl)-10,15,20-tris(pentafluoro-
phenyl)-2-oxa-3-oxoporphyrin (14) – CrO3 Oxidation of 6 
CrO3 (200 mg, 2.00 mmol) was dissolved in distilled pyridine (5 mL) in a 25 mL 
round bottom flask equipped with a magnetic stir bar. The mixture was stirred in an 
ice bath for 10 min. Chromene-annulated chlorin 6 (100 mg, 0.10 mmol) was 
dissolved in CH2Cl2 (5 mL) and added to the reaction mixture slowly and then the 
reaction mixture was stirred at room temperature for 30 min. The progress of the 
reaction was monitored by TLC. After the completion of the reaction, the mixture as 
diluted with 50 mL of CH2Cl2 and the product was washed with distilled water (3 × 
50 mL), dried over anhydrous sodium sulfate and evaporated under reduced 
pressure. The crude product was purified by chromatography (silica–50% 
hexanes/CH2Cl2) to obtain 14 as the major product in ~30% yield (~30 mg), after 
recovery of nearly 50% (47 mg) of the less polar starting materials 6. 14: Rf (silica-
25% hexanes/CH2Cl2) = 0.29; 1H-NMR (400 MHz; CDCl3): d 8.97-8.86 (m, 4H, b-H), 
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8.72 (m, 1H, b-H), 8.65 (m, 1H, b-H), 6.76 (brs, OH), -1.73 (br s, 1H, NH), -1.77, (br 
s, 1H, NH), -2.02 (br s, 1H, NH), -2.08 (br s, 1H, NH); 1H-NMR (400 MHz; DMSO-d6): 
d, 10.92 (s, 1H, OH), 10.69 (s, 1H, OH), 9.51 (d, J = 5.3 Hz, 1H, b-H), 9.47-9.42 (m, 
3H, b-H), 9.37-9.35 (m, 3H, b-H), 9.22 (dd, J = 4.9, 1.7 Hz, 1H, b-H), 9.08 (t, J = 5.1 
Hz, 2H, b-H), 9.00 (t, J = 5.3 Hz, 2H, b-H),-1.93 (s, 1H, NH), -1.99 (s, 1H, NH), -2.20 
(s, 1H, NH), -2.33 (s, 1H, NH) ppm; 19F NMR (376 MHz; CDCl3): d -136.8 (m, 
8F), -137.2 (dd, J = 23.03, 4.94 Hz, 1F), -138.0 (dd, J = 23.37, 6.32 Hz, 1F), -138.4 
(dd, J = 23.37, 6.32 Hz, 1F), -138.7 (dd, J = 23.52, 6.25 Hz, 1F), -139.22 (dd, J = 
23.74, 8.48 Hz, 1F), -139.35 (dd, J = 23.87, 6.84 Hz, 1F), -150.8 (m, 4F), -151.5 (t, 
J = 20.84 Hz, 1F), -153.4 (t, J = 21.04 Hz, 1F), -154.0 (t, J = 21.11 Hz, 1F), -159.2 
(td, J = 20.58, 6.54 Hz, 1F), -160.09-161.17 (m, 10F), -161.49-161.59 (m, 
1F), -161.69-161.79 (m,, 1F), -163.4 (dd, J = 20.40, 7.07 Hz, 1F), -164.0 (dd, J = 
20.28, 6.78 Hz, 1F), -167.4 (t, J = 22.43 Hz, 1F), -167.6 (t, J = 22.50 Hz, 1F) ppm; 
13C NMR (100 MHz; CDCl3): d 174.6, 166.5, 166.0, 157.06, 156.92, 155.1, 154.42, 
154.36, 154.30, 147.61, 147.59, 145.13, 145.11, 141.7, 141.2, 140.93, 140.89, 
140.85, 139.05, 139.01, 138.96, 138.91, 138.77, 138.70, 138.2, 133.73, 133.64, 
132.1, 131.6, 129.73, 129.62, 128.6, 127.68, 127.57, 127.49, 126.5, 125.8, 119.6, 
108.54, 108.35, 105.6, 104.9, 104.6, 102.3, 90.3, 87.2 ppm; UV-vis (CH2Cl2) λmax 
(log ε): 642.0 (4.68), 590.0 (4.32), 546.6 (4.50), 510.6 (4.62), 409.9 (5.85) nm; 
fluorescence emission (λexcitation = λSoret) (CH2Cl2) λmax: 645 nm; Φ = 0.28; IR (neat, 
diamond ATR) uC=O = 1761.96 cm-1); HR-MS (ESI+, 100% CH3CN, TOF): calculated 
for C43H10F19N4O3 [M+H]+ 991.0444, found 991.0330. 
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Figure 2-20. UV-Vis (black solid trace) and fluorescence (red dotted trace) spectra of 14 (1:1 
mixture of two isomers) (CH2Cl2); λexcitation = λSoret 
 
 
 
Figure 2-21. 1H NMR (400 MHz, CDCl3) spectrum of compound 14 (1:1 mixture of two isomers) 
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Figure 2-22. 1H NMR (400 MHz, DMSO-d6) spectrum of compound 14 (1:1 mixture of two 
isomers) 
 
 
Figure 2-23. 1H-1H COSY NMR (400 MHz, DMSO-d6) spectrum of compound 14 (1:1 mixture of 
two isomers) 
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Figure 2-24. 19F NMR (376MHz, CDCl3) spectrum of compound 14 (1:1 mixture of two isomers) 
 
 
Figure 2-25. 13C NMR (100 MHz, CDCl3) spectrum of compound 14 
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Figure 2-26. IR (neat, diamond ATR) spectrum of compound 14 
 
2.3.2.5 10,15,20-Tris(pentafluorophenyl)-5-(tetrafluorochromene-annulated)-
3-hydroxy-2-oxo-chlorin (15OH) – KMnO4 Oxidation of 6 
KMnO4 (25 mg, 0.16 mmol) was placed in 25 mL round bottom flask equipped with a 
magnetic stir bar. An acidic solution of 2% TFA dissolved in acetone (2 mL) was added to 
the round bottom flask and stirred in an ice bath for 5-10 min. Chromene-annulated chlorin 
6 (50 mg, 0.05 mmol) was dissolved in CH2Cl2 (5 mL) and slowly added to the reaction 
mixture. Upon completion of the addition, the reaction mixture was stirred at room tempe-
rature for 40 min. Progress of the reaction was monitored by TLC. After the completion of 
the reaction, the mixture as diluted with 25 mL of CH2Cl2 and the product was washed with 
distilled water (3 × 25 mL), dried over anhydrous sodium sulfate and evaporated under 
reduced pressure. The crude product was purified by chromatography (silica-50% 
hexanes/CH2Cl2) to obtain 15OH as the major product in ~30-35% yield (~10 mg), after 
recovery of less polar starting material in ~10-20%. 15OH: Rf (silica-25% hexanes/CH2Cl2) 
= 0.29; 1H NMR (400 MHz; CDCl3): d 9.10 (dd, J = 9.7, 5.1 Hz, 1H, b-H), 8.77-8.76 (m, 
N
NH
O
N
HN
C6F5 C6F5
C6F5
F
F
F
F OH
O ON
O
+
(1:1)
Chapter 2. Oxidation of Chromene-annulated Chlorin 
 
 
68 
N
N N
N
C6F5 C6F5
C6F5
F
F
F
F O
O
H
H
OH
1H, b-H), 8.72 (d, J = 4.6 Hz, 1H, b-H), 8.68 (d, J = 4.2 Hz, 1H, b-H), 8.55 (d, J = 4.6 Hz, 
1H, b-H), 8.51 (d, J = 4.6 Hz, 1H, b-H), 4.87 (br s, 1H, OH), -0.93 (s, 1H, NH), -1.35 (s, 
1H, NH) ppm; 1H NMR (400 MHz; CD3OD): d 9.16-9.10 (m, 2H, b-H), 9.01-8.91 (m, 2H, 
b-H), 8.84 (d, J = 4.3 Hz, 1H, b-H), 8.79 (d, J = 4.7 Hz, 1H, b-H); 19F NMR (376 MHz; 
CDCl3): d -136.3 (d, J = 22.9 Hz, 1F), -136.5 (d, J = 23.25 Hz, 1F), -137.1 (t, J = 25.80 Hz, 
2F), -138.4 (d, J = 23.29 Hz, 1F), -138.8 (d, J = 23.29 Hz, 1F), -139.4 (m, 1F), -150.8 (m, 
2F), -152.1 (t, J = 20.65 Hz, 1F), -153.3 (t, J = 20.88 Hz, 1F), -158.1 (dd, J = 19.28, 6.48 
Hz, 1F), -160.89-160.96 (m, 4F), -161.65-161.89 (m, , 2F), -162.1 (t, J = 21.08, 1F) ppm; 
13C NMR (100 MHz; CDCl3): d 196.5, 155.2, 154.3, 149.8, 141.3, 138.9, 137.8, 136.8, 
136.1, 134.6 (3°), 133.8 (3°), 128.1 (3°), 127.6 (3°), 127.5 (3°), 126.0 (3°), 114.5, 108.2, 
106.9, 98.8, 96.9, 92.4 ppm; UV-vis (CH2Cl2) λmax, nm (log ε): 431.9 (5.18), 541.5 (3.89), 
580.0 (4.09), 616.0 (3.88), 617.0 (4.28); UV-vis (CH3OH) λmax, (log ε):  409.0 (5.03), 513.4 
(3.87), 551.5 (3.72), 596.1 (3.64), 651.1 (4.14) nm; fluorescence emission (λexcitation = λSoret) 
(CH2Cl2) λmax: 675 nm, (CH3OH) λmax: 653 nm; Φ = 0.21; IR (neat, diamond ATR) uC=O = 
1745.59 cm-1; HR-MS (ESI+, 100% CH3CN, TOF): calculated for C44H10F19N4O3 [M+H]+ 
1003.0444, found 1003.0450.  
  
Figure 2-27. UV-Vis (green solid trace in CH2Cl2 and red solid trace in CH3OH) and fluorescence 
(green dotted trace in CH2Cl2 and red dotted trace in CH3OH) spectra of 15OH; λexcitation =λSoret 
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Figure 2-28. 1H NMR (400 MHz, CDCl3) spectrum of compound 15OH 
 
 
Figure 2-29. D2O exchange 1H NMR (400 MHz, CDCl3) of compound 15OH, black solid trace 
before D2O, red solid trace after D2O exchange 
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Figure 2-30. 1H NMR (400 MHz) spectra of compound 15OH, black solid trace in CD3OD, red solid 
trace in CDCl3 
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Figure 2-31. 1H NMR (400 MHz) spectra of compound 15OH at 280K. 
 
 
Figure 2-32. IR (neat, diamond ATR) spectrum of compound 15OH 
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Figure 2-33. 19F NMR (376 MHz, CDCl3) spectrum of compound 15OH 
 
 
Figure 2-34. 19F NMR (376 MHz, red trace in CDCl3, black trace in CD3OD) spectrum of 
compound 15OH 
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Figure 2-35. 1H-19F COSY NMR (376 MHz, blue trace in CDCl3, black trace in CD3OD) spectrum 
of compound 15OH 
 
Figure 2-36. 19F-1H COSY NMR (376 MHz, blue trace in CDCl3, black trace in CD3OD) spectrum 
of compound 15OH 
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Figure 2-37. 13C NMR (100 MHz, CDCl3) spectrum of compound 15OH 
 
 
Figure 2-38. 13C NMR (black trace) and DEPT-135 (red trace) (100 MHz, CDCl3) of compound 
15OH 
 
 
Figure 2-39. 13C NMR (100 MHz, black trace in CDCl3, red trace in CD3OD) of compound 15OH 
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2.3.2.6 10,15,20-Tris(pentafluorophenyl)-5-(tetrafluorochromene-annulated)-
3-methylthio-2-oxo-chlorin (15SCH3), [10,15,20-Tris(pentafluorophenyl)-5-(tetrafluo-
rochromene-annulated)-2-oxo-3-yl]dimer (16), and Dimer 17 – Swern Oxidation of 6 
DMSO (1 mL) was placed in a 50 mL round bottom flask and oxalylchloride 
(0.3 mL) was mixed in at -78 °C and stirred for 10 min. Then chromene-annulated 
chlorin 6 (50 mg, 0.05 mmol) was dissolved in CH2Cl2 (5 mL) and NEt3 (0.5 mL) and 
added to the round bottom flask slowly. The reaction mixture was stirred at -78 °C 
for about 10 min and then was further stirred at room temperature for about 
20-30 min. After the starting material was exhausted (as per TLC), the mixture was 
diluted with CH2Cl2 (25 mL) and washed with water (3 × 50 mL). The organic layer 
was dried over anhydrous sodium sulfate and evaporated under reduced pressure. 
The crude product was purified by chromatography (silica–50% hexanes/CH2Cl2) 
to obtain 15SCH3 (8 mg, 15%), 16 (8 mg, 15%), 17 (8 mg, 15%), and 15OH (5 mg, 
10%) in varying yields (typical yields are listed) as the major products, after recovery 
of starting material 6 (14% yield, 7 mg). 15SCH3: Rf (silica-50% hexanes/CH2Cl2) = 
0.65; 1H NMR (400 MHz; CDCl3): d 9.12-9.08 (m, 1H, b-H), 8.80 (d, 1H), 8.74 (d, J 
= 5.0 Hz, 1H, b-H), 8.70 (d, J = 4.8 Hz, 1H, J = 4.8 Hz, b-H), 8.55 (d, J = 5.0 Hz, 1H, 
b-H), 8.52 (d, J = 5.0 Hz, 1H, b-H), 2.56 (s, 3H, SCH3), -1.04 (s, 1H, NH), -1.42 (s, 
1H, NH) ppm; 19F NMR (376 MHz; CDCl3): d -136.4 (m, 2F), -137.07 (m, 
1F), -137.21 (m, 1F), -138.0 (dd, J = 23.8, 7.45 Hz, 1F), -139.4 (m, 1F), -140.1(dd, 
J = 23.1, 7.78 Hz, 1F), -150.8 (m, 2F), -152.1 (t, J = 20.9 Hz, 1F), -152.5 (t, J = 
20.9 Hz, 1F), -158.5 (dd, J = 21.2, 9.47 Hz, 1F), -160.73 (t, J = 21.7 Hz, 1F), -160.93 
(m, 4F), -161.9 (td, J = 22.3, 7.35 Hz, 1F), -162.3 (td, J = 22.2, 7.52 Hz, 1F) ppm; 
13C NMR (100 MHz; CDCl3): d 189.9, 154.8, 154.2, 149.7, 143.4, 139.5, 137.1, 
136.5, 136.2, 134.3, 133.7, 128.1, 127.9, 127.33, 127.20, 125.7, 107.9, 107.1, 99.2, 
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97.5, 87.0, 9.5 ppm; UV-vis (CH2Cl2) λmax (log ε): 667.1 (4.31), 611.0 (3.87), 573.0 
(4.17), 531.5 (3.90), 429.5 (5.32) nm; fluorescence emission (λexcitation = λSoret) 
(CH2Cl2) λmax: 670 nm; Φ = 0.15; IR (neat, diamond ATR) uC=O = 1730.49 cm-1; HR-MS 
(ESI-,100% CH3CN, TOF): calculated for C45H10F19N4O2S [M-H]- 1031.0227 found, 
1031.0249. 16: Rf (silica- 50% hexanes/CH2Cl2) = 0.41; 1H NMR (400 MHz; CDCl3, 
solvent suppression applied): d 8.87 (d, J = 5.0 Hz, 1H), 8.85 (dd, J = 21.6, 4.9 Hz, 2H), 
8.82 (d, J = 4.9 Hz, 1H), 8.60 (d, J = 4.7 Hz, 1H), 8.51 (d, J = 4.7 Hz, 1H), 8.29 (d, J = 5.0 
Hz, 1H), 8.02 (dd, J = 9.5, 5.1 Hz, 1H), -0.85 (s, 1H), -1.60 (s, 1H) ppm; 19F NMR (376 MHz; 
CDCl3): d -135.6 (m, 1F), -136.7 (m, 2F), -137.0 (m, 1F), -137.3 (d, J = 23.2 Hz, 1F), -138.6 
(d, J = 23.6 Hz, 1F), -138.8 (s, 1F), -150.7 (m, 2F), -152.3 (t, J = 20.2 Hz, 1F), -155.4 (m, 
1F), -160.1(m, 1F), -160.9 (m, 4F), -162.0 (m,  1F), -162.8 (m, 1F), -164.8 (m, 1F) ppm; 
13C NMR (100 MHz; CDCl3): d 197.6, 155.12, 155.06, 145.5, 141.0, 140.4, 138.95, 138.86, 
136.8, 136.52, 136.44, 136.36, 136.19, 135.0, 134.4, 133.69, 133.59, 128.6, 126.9, 126.5, 
125.9, 108.5, 107.7, 98.1, 96.7, 85.2 ppm; UV-vis (CH2Cl2) λmax (log ε): 632.0 (4.09), 593.5 
(3.82), 450.0 (4.79), 388.5 (4.50) nm; fluorescence emission (λexcitation = λSoret) (CH2Cl2) 
λmax: 695 nm; Φ = 0.08; IR (neat, diamond ATR) uC=O = 1754.82 cm-1; HR-MS (ESI-, 100% 
CH3CN, TOF): calculated for C88H15F38N8O4[M-H]- 1969.0615, found 1969.0567. 
17: Rf (silica-50% hexanes/CH2Cl2) = 0.55; 1H NMR (400 MHz; CDCl3, solvent 
suppression applied): d 9.03 (dd, J = 11.8, 4.5 Hz, 1H, b-H), 8.86 (d, J = 3.9 Hz, 1H, b-H), 
8.74 (d, J = 4.4 Hz, 1H, b-H), 8.64 (d, J = 4.5 Hz, 1H, b-H), 8.60 (d, J = 3.0 Hz, 1H, b-H), 
8.52 (d, J = 10.9 Hz, 3H), 8.32 (d, J = 5.1 Hz, 1H, b-H), 8.21 (d, J = 4.6 Hz, 1H, b-H), 7.67 
(m, 1H,  -H), 7.40 (d, J = 4.3 Hz, 1H, b-H), 0.69 (s, 1H), -1.21 (s, 2H), -1.41 (s, 1H) ppm; 
19F NMR (376 MHz; CDCl3): d -135.5 (d, J = 23.1 Hz, 1F), -136.4 (m, 2F), -137.0 (m, 
7F), -138.5 (m, 1F), -139.2 (d, J = 25.3, 1F), -143.0 (d, J = 24.8 Hz, 1F), -143.7 (m, IUPAC-
IUB Joint Commission on Biochemical Nomenclature 1F), -150.5 (t, J = 20.7 Hz, 1F), -150.8 (m,, 
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3F), -152.4 (m, 1F), -152.9 (m, 2F), -154.3 (m, 1F), -156.7 (m, 1F), -157.3 (m, 1F), -161.0 
(m, 10F), -162.0 (m, 2F), -162.7 (m, 1F), -162.9 (m, 1F),-165.6 (m, 1F) ppm; UV-vis 
(CH2Cl2) λmax, nm (log ε): 681.0 (3.89), 626.5 (3.66), 591.5 (3.80), 423.0 (4.60); 
fluorescence emission (λexcitation = λSoret) (CH2Cl2) λmax: 676, 698 nm; Φ = 0.09; HR-MS (ESI-
, 100% CH3CN, TOF): calculated for C88H15F38N8O4 [M-H]- 1969.0615, found 1969.0649. 
  
Figure 2-40. UV-Vis (black solid trace) and fluorescence (red dotted trace) spectra of 15SCH3 
(CH2Cl2); λexcitation = λSoret 
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Figure 2-41. 1H NMR (400 MHz, CDCl3) spectrum of compound 15SCH3 
 
 
Figure 2-42. 19F NMR (376 MHz, CDCl3) spectrum of compound 15SCH3 
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Figure 2-43. 1H-19F COSY NMR (400 MHz, CDCl3) spectrum of compound 15SCH3 
 
 
Figure 2-44. 13C NMR (100 MHz, CDCl3) spectrum of compound 15SCH3 
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Figure 2-45. IR (neat, diamond ATR) spectrum of compound 15SCH3 
 
2.3.2.7 [10,15,20-Tris(pentafluorophenyl)-5-(tetrafluorochromene-annula-
ted)-2-oxo-3-yl]dimer (16) 
  
Figure 2-46. UV-Vis (black solid trace) and fluorescence (red dotted trace) spectra of dimer 16 
(CH2Cl2); λexcitation = λSoret 
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Figure 2-47. 1H NMR (400 MHz, CDCl3) spectrum of dimer 16 
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Figure 2-48. 19F NMR (376 MHz, CDCl3) spectrum of dimer 16 
 
 
 
 
Figure 2-49. 13C NMR (100 MHz, CDCl3) spectrum of compound 16 
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Figure 2-50. 1H-19F COSY NMR (400 MHz, CDCl3) spectrum of dimer 16 
 
  
Figure 2-51. 1H-1H COSY NMR (400 MHz, CDCl3) spectrum of dimer 16. 
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Figure 2-52. IR (neat, diamond ATR) spectrum of compound 16. 
 
2.3.2.8 Dimer (17) 
 
Figure 2-53. UV-Vis (black solid trace) and fluorescence (red dotted trace) spectra of dimer 17 
(CH2Cl2); λexcitation = λSoret 
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Figure 2-54. 1H NMR (400 MHz, CDCl3) spectrum of dimer compound 17 
 
 
Figure 2-55. 19F NMR (376 MHz, CDCl3) spectrum of compound 17. 
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Figure 2-56. 1H-19F COSY NMR (400 MHz, CDCl3) spectrum of compound 17. 
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3 Bacterio- and Isobacterio-dilactones by Stepwise or Direct Oxidations 
of meso-Tetrakis(pentafluorophenyl)porphyrin 
Porpholactones, such as the meso-tetrakis(pentafluorophenyl) derivative 2, are 
derived from porphyrins 1 by replacement of a pyrrolic b,b’-bond by a lactone moiety and 
are, for their particular versatility, one of a more widely studied class of PMPs:1 Since their 
discovery in 1984 by adventitious oxidation of meso-arylporphyrins,2 a number of oxidative 
pathways were described that generate porpholactones from non-derivatized meso-
arylporphyrins as well as b-derivatized porphyrins or chlorins.1, 3 In fact, porpholactones 
appear to be fairly common meso-arylporphyrin oxidization products. No total syntheses 
of porpholactones have become known. 
meso-(C6F5)-porphyrin 1 was the first b-unsubstituted porphyrin that allowed its direct 
oxidation to mono-derivatized porpholactone 2.4 However, the oxidation was not selective 
and did not stop after the oxidation of one b,b’-bond; consequently, all of the five possible 
regioisomeric dilactones were formed (Scheme 3-1).4 Using alternative oxidants, primarily 
monolactone 2 and dilactones 32,13 and 32,12 were observed.5 
The regioisomeric dilactones fall into two classes: The compounds 32,13 and 32,12 
possess bacteriochlorin-type substitution patterns (b-positions of opposite pyrrolic 
moieties were modified); we will refer to them as bacteriodilactones.6 The three 
regioisomers 42,8, 42,7, and 43,7 possess isobacteriochlorin-like substitution patterns 
(b-positions of adjacent pyrrolic moieties were modified); we thus will refer to them as 
isobacteriodilactones. The naming is purely based on structure and does not imply that 
these chromophores necessarily possess bacteriochlorin- or isobacteriochlorin-like optical 
spectra/electronic properties. The strong electronic influence of the lactone moieties on 
the electronic structure of the chromophore were the subject of earlier studies.4, 7 
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Scheme 3-1. Direct conversion of meso-tetrakis(pentafluorophenyl)porphyrins to porpholactone 
and porphodilactones according to Gouterman and co-workers,4 and Zhang and co-workers.5a 
All dilactones lay virtually dormant for 25 years.4, 8 Zhang and co-workers can be 
credited for having rediscovered the intriguing bacteriodilactones.9 They developed an 
efficient one-step synthesis (Scheme 3-1). Crucially, they achieved the separation of the 
two bacteriochlorin-type isomers 32,13 and 32,12 as their zinc(II) complexes and studied the 
photophysical differences of the two isomers.9 Compared to the NIR-absorbing bacterio-
chlorins, the more hypsochromically absorbing isobacteriochlorins have generally been 
much less studied.10 This is also the case for the isobacterio-porpholactone isomers 4; we 
are not aware of their detailed description beyond their initial discovery and cursory 
description.4 
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Based on our stepwise, controlled and high-yielding preparation of porpholactones via 
a porphyrin  ® dihydroxychlorin 5Ar ® porpholactone 2Ar pathway (Scheme 3-2),7, 11 we 
report here the rational and step-wise synthesis of the bacteriodilactone isomers along 
porphyrin  ® tetrahydroxybacteriochlorin ® bacteriodilactones (and related) routes.12 
Compared to the established routes, one major benefit of this complementary route is the 
simplicity of the isolation of the bacteriodilactones because of the much reduced number 
of (side)products formed.  
 
Scheme 3-2. Literature syntheses of porpholactones by oxidation of dihydroxychlorins 5Ar.7, 11 
We also report details on the synthesis of tetrahydroxyisobacteriochlorin metal 
complexes (M = Zn2+, Pt2+) and their conversion to metalloisobacteriodilactones 4 along 
the route [dihydroxychlorin]M 5M ® [tetrahydroxyisobacteriochlorin]M 13M ® [iso-
bacteriodilactones]M 4M (and related) routes. We were able to separate and characterize 
all regioisomeric metalloisobacteriodilactones, including the computational description of 
their varying electronic structures. Lastly, we discovered that the direct and selective 
conversion of free base porphyrin 1 to all isomers of free base isobacteriodilactones 4 
using MnO4– as an oxidant is also possible. Some of the products or intermediates were 
also structurally characterized, providing certainty of the structural assignments of the 
isomers and providing information on the conformation of these pyrrole-modified 
porphyrins. In presenting theses complementary routes toward the dilactones, we make 
contribute to the understanding of the regiochemistry of multiple pyrrole modifications, and 
make the dilactones more readily available for further study. 
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3.1 Results and Discussion 
3.1.1 Dihydroxylation of Free-base meso-(C6F5)-Porphyrin 1.  
The OsO4-mediated dihydroxylation of free base meso-(C6F5)-porphyrin 1 to the 
corresponding dihydroxychlorin 5 and tetrahydroxybacteriochlorin isomers 8-E (both diol 
pairs pointing to the same hemisphere defined by the mean plane of the macrocycle) and 
8-Z (both diol pairs pointing to opposite sides) was described before (Scheme 3-3).12  
 
Scheme 3-3. OsO4-Mediated dihydroxylation of free base meso-(C6F5)-porphyrin to the 
corresponding dihydroxychlorin 8 and tetrahydroxybacteriochlorins 10.12b, 12c 
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are chemically stable, readily chromatographed, and purified. In fact, osmate esters 7 are 
more robust than the sensitive and hard to purify bacteriochlorin tetraols 8. Thus, they 
could be spectroscopically and structurally characterized. The ability to reduce the osmate 
esters to the corresponding diols, including for meso-C6F5-substituted hydroporphyrinoids 
(e.g., reduction of 7 to 8), was shown previously.12 A general disadvantage of the osmate 
esters is, however, that the molecular ions proved in our hands to be intractable toward 
mass spectrometric analysis (using ESI+ and ESI+, FAB, DART, EI, and MALDI ionization 
techniques), nor could we derive consistent fragmentation patterns. 
The crystal structure of the chlorin diol osmate ester shows the configuration of the 
osmate ester with an octahedrally coordinated osmium(IV) atom bearing two trans-oxo 
groups, the configuration derived also from the two-fold symmetry of the molecules as 
seen by NMR spectroscopy, and observed also in other osmate esters (Figure 3-1).13  
 
Figure 3-1. Stick representation of the X-ray single crystal structures of (A) diolchlorin osmate 
ester 6 (oblique and side views), (B) tetraolbacteriochlorin bisosmate ester 7-Z (top and side 
views), and (C) [tetrahydroxyisobacteriochlorinato]Zn·EtOH bisosmate ester 12Zn-E (oblique and 
side views). All disorder, all hydrogen atoms bonded to sp2-carbons, and solvents (if present) 
removed for clarity; only one of two independent molecules in the crystal shows, if present. 
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Notable is the extend to which the near-perfectly eclipsed configurtion of the two 
Cpyrroline-Oosmate bonds (dihedral angles of 5-7°) enforced by the osmate ester also affects 
the conformation of the hydroporphyrin macrocycles; they are significanly more planar 
compared to the free diols/tetraols, or their methyl ethers (that exhibit dihedral angles of 
17° in a chlorin and between 28-30° in bacteriochlorins).12a These structures thus provide 
proof for the hypothesis advanced earlier that the avoidance of the eclipsed configuration 
of the pyrroline diol functionalities drives the distortion of the hydroporphyrin 
chromophores from planarity.12a  
Compared to the conformation of their non-osmylated counterparts chlorin 5 and 
bacteriochlorin 8’-Z,12a the conformations of the chlorin osmate ester 6 and the 
bacteriochlorin bisosmate ester 7-Z are, quantitatively much less distorted from planarity. 
Qualitatively the relative weighting of the deformation modes also changed (Figure 3-2).14  
 
Figure 3-2. NSD analysis of the macrocycle conformation of chlorin diol 512a and its 
corresponding chlorin osmate ester 6, bacteriochlorin tetraol 8’-Z (Ar = 3,4,5-trimethoxyphenyl)12a 
and bacteriochlorin bisosmate ester 7-Z, and isobacteriochlorin bisosmate ester 12Zn-E 
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The minor conformational changes of the chromophores upon removal of the osmate 
esters are also noticeable in the slightly shifted optical spectra of the osmate esters 
compared to the spectra of the corresponding alcohols, whereby the shifts for the confor-
mationally more flexible bacteriochlorins are larger (shift of lmax of 5 nm) than those for 
the chlorins (shift of lmax of 2 nm) (Figure 3-3). 
 
Figure 3-3. UV-vis absorption (solid line) CH2Cl2) of dihydroxychlorin 5, its corresponding osmate 
ester 6, tetrahydroxybacteriochlorin 8-Z and its corresponding osmate ester 7-Z. 
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3.1.2 Conversion of Chlorin Osmate Esters 6 to Porpholactone 2.  
Similarly to the well-known conversion of dihydroxychlorin 5 to porpholactone 2,7 
chlorin osmate ester 6 is a suitable substrate for this oxidation, with no need for an 
adjustment of the reaction conditions (Scheme 3-4). Since both the diols and the 
corresponding esters are equally suited for their conversions to lactone moieties, we will 
discuss in the remainder of this report their oxidation interchangeably, but with a focus on 
using the more robust osmate esters. meso-Phenyl-substituted porphyrins also undergo 
the step-by-step modifications described here,15 but the much greater solubility of the 
meso-(C6F5)-substituted derivatives much facilitate their handling. We will detail here 
exclusively the chemistry of the C6F5-derivatives. 
 
Scheme 3-4. Synthetic pathways towards (regioisomeric mixtures) of bacteriodilactones 3. 
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3.1.3 Dihydroxylation of meso-Tetrakis(pentafluorophenyl)porpholactone 2.  
Reaction of porpholactone 2 under standard porphyrin osmylation conditions 
(1.1 equiv. OsO4 in CHCl3 at ambient conditions in the presence of pyridine)12 converted 
it nearly quantitatively into to a single new, more polar product as smoothly and as swiftly 
(24 h) as porphyrin 1. 
The UV-vis spectrum of the product 9 is chlorin-like but red-shifted compared to that 
of chlorin diol 5 or its osmate ester 6 (Figure 3-4) and similar to that of dihydroporpholac-
tones (chlorolactones) 1016 but notably dissimilar to the spectra of hydroporpholactone 
1117 reduced at a pyrrole adjacent to the pyrrolinone (Scheme 3-5). This suggests that 
b,b’-dihydroxylation of 2 had taken place at the pyrrole opposite the pyrrolinone moiety, 
characterizing free base porpholactones as a typical free base chlorins.18 alas, not all 
chlorins show this regiochemistry in, for example, cycloadditions to the b,b’-bond.18b 
 
Figure 3-4. UV-vis absorption of dihydroxychlorolactone osmate ester 9 in comparison to that of 
the parent dihydroxychlorin osmate ester 6. 
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Scheme 3-5. Literature-known conversions of porpholactones 2/2Ar to the corresponding 
hydroporpholactones.16-17 
3.1.4 Oxidations of Tetrahydroxybacteriochlorin 8, its Osmate ester 7, and 
Dihydroxychlorolactone Osmate Ester 9.  
The two different oxidants (cetylMe3N+MnO4– or CrO3)7, 11 suitable for the conversion 
of dihydroxychlorin 5 to porpholactones 2 are also suited for the oxidation of tetrahydroxy-
bacteriochlorins 8, osmate ester 7-E (or a mixture of 7-E and 7-Z), or dihydroxy-
chlorolactone osmate ester 9, generating in all cases a mixture of the two known4, 9 
bacteriodilactones 32,13 and 32,12 in about a 1:0.7 ratio (and, depending on the substrate 
and oxidant, between 40 and 60% yield). Notably, this ratio is different than the 0.4:1 (32,13: 
32,12) ratio of the products reported by Zhang and co-workers.9 The separation of the 
mixture of the non-polar bacteriodilactones from the polar side products, excess oxidant, 
and the oxidant-related products is facile. Careful reaction control is recommended, 
however; excessive reaction times or large stoichiometric excess of the oxidant leads 
rapidly to a degradation of the yield. The straight-forward NMR-spectroscopic analysis of 
the products is based on the differing in symmetry of the products (32,13 possesses 
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idealized C2h and 32,12 C2v point group symmetry) (see experimental).9 The group of Zhang 
has shown the separation of the two regioisomers, as their zinc complexes.9 
3.1.5 Dihydroxylation of [meso-(C6F5)-porphyrinato]M 1M.  
The standard OsO4-mediated hydroxylation of the zinc(II) or platinum(II) complexes of 
porphyrin 1, complexes 1Zn or 1Pt, using 1.1 equiv. OsO4 forms the corresponding metal 
complexes of the stable diol chlorin osmate esters 6M, in yields of around 60% 
(Scheme 3-6). Except for the isolation and characterization of the intermediate osmate 
esters, the dihydroxylation of the Zn(II), Ni(II), Pd(II), and Pt(II) complexes of 2 was 
reported before.12b  
 
Scheme 3-6. OsO4-Mediated dihydroxylation of [meso-(C6F5)-porphyrinato]M metal complexes to 
the corresponding dihydroxymetallochlorin 6M and tetrahydroxymetalloisobacteriochlorin osmate 
esters 12M-E, and their reduction to the corresponding tetraols 13M-E. 
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Using 2.2 equiv. OsO4, only one major blue tetrahydroxybisosmate ester product (60% 
isolated yield at a 1.0 mmol scale) is formed, identified as the isobacteriochlorin-type bis-
osmate ester 12M-E by virtue of its metalloisobacteriochlorin-like UV-vis absorption 
spectrum that is hypsochromically shifted compared to the corresponding chlorins 
(Figure 3-5)10 and its NMR spectra. For instance, the 19F NMR spectrum (Figure 3-6) of 
the major product identifies four non-equivalent o-, four m-F, and three p-F atom signal 
sets, suggesting the E-configuration of the two osmate esters (idealized C2 point group 
symmetry); the Z-configuration (idealized Cs symmetry) would have generated six o-, six 
m-, and three p-F atom signal sets. 1H,19F and 19F,19F correlation NMR spectra allow the 
unequivocal assignment of the 1H and 19F NMR signals in the molecules.  
 
Figure 3-5. UV-vis absorption spectra (CH2Cl2) of the compounds indicated. 
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Figure 3-6. (A) 19F NMR spectrum (376 MHz, CDCl3, 25 °C), (B) 19F-19F COSY spectrum (376 
MHz, CDCl3, 25 °C), and (C) 1H-19F COSY spectrum (400/376 MHz, CDCl3, 25 °C) of 
metallotetrahydroxyisobacteriochlorin bis osmate ester 12Pt-E together with drawings of the 12M-
E/Z isomers highlighting their crucial symmetry-elements and signal assignments. 
The selective formation for the metalloisobacteriochlorin upon reduction of a metallo-
chlorin was observed also for the meso-tetraphenyl-series,19 and was computationally 
rationalized by a combination of electronic and steric effects.18 We did not find any 
indication that the corresponding tetraol Z-isomer of 12M formed to any appreciable 
extent, likely because of steric effects favoring the E-isomer. 
The final proof of the connectivity and E-stereochemistry of isobacteriochlorin 12Zn-E 
was provided by single crystal X-ray crystallography, as its EtOH adduct (Figure 3-1). The 
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chiral molecule crystallizes as a racemic mixture in the non-chiral space symmetry group 
P–1. The chromophore is only very little distorted from planarity, exhibiting minor doming 
(A2u), waving (Eg(x) and Eg(y)) deformation modes of approximately equal magnitude 
(Figure 3-2).14 This is the first X-ray structural characterization of any tetrahydroxyiso-
bacteriochlorin derivative, reported firstly more than 20 years ago.19 
The reduction of the bisosmate esters 12M-E to the corresponding tetraols 13M-E can 
be accomplished using standard reduction methods.12b In the chlorin and bacteriochlorins 
osmates ester and free alcohol pairs 6/5 and 7/8, respectively, the osmate esters show 
slightly blue-shifted optical spectra compared to their free alcohols (Figure 3-3), but in the 
isobacteriochlorin, the osmate esters 12M-E are slightly red-shifted compared to their 
alcohols 12M-E (Figure 3-5), presumably also because of altered conformations. 
3.1.6 Conversion of Metallochlorin Osmate Esters 6M to Metalloporpholactones 
2M.  
Metallochlorin osmate esters 6Zn and 6Pt are also competent replacements for their 
corresponding alcohols under standard conditions,7 forming the known metallo–
porpholactones 2M in excellent yields (Scheme 3-7).20 
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Scheme 3-7. Synthetic pathways toward the formation of regioisomeric mixtures of 
metalloisobacteriodilactones 4M. 
3.1.7 Osmylation of [meso-(C6F5)-porpholactonato]M(II) 2M. 
Reaction of the metalloporpholactones 2M with stoichiometric amounts of OsO4 each 
form a major product 14M in good yield (75% isolated yield at a 0.1 mmol scale) 
(Scheme 3-7). The UV-vis spectra of the products are metallochlorin-like, similar to that of 
the corresponding diol chlorin 6M and ~20 nm red shifted compared to the spectrum of 
the corresponding metalloporpholactone 2M (Figure 3-7).10, 21 
N
N
O
N
N
C6F5
C6F5
C6F5
C6F5
M
O
OsO4, py, 
CHCl3
2Zn, M = Zn(II) 
2Pt, M = Pt(II)
N
N
O
N
N
C6F5
C6F5
C6F5
C6F5
M
O
O Os
O
H
H
O
O
py
py (inseparable mixtures)14Zn, M = Zn(II) 
14Pt, M = Pt(II)
cetylMe3N+MnO4–,
CH2Cl2, r.t.
42,8
6Zn, M = Zn(II) 
6Pt, M = Pt(II)
cetylMe3N+MnO4–, 
CH2Cl2
N
N
O
N
O
N
C6F5
C6F5
C6F5
C6F5
M
N
N
O
N
O
N
C6F5
C6F5
C6F5
C6F5
M
O O
O
+
42,8Zn, M = Zn(II) 
42,8Pt, M = Pt(II)
C2v-symmetry of chromophore
43,7Zn, M = Zn(II) 
43,7Pt, M = Pt(II)
C2v-symmetry
N
N
O
N
N
C6F5
C6F5
C6F5
C6F5
M
O
+
OOs
O
H
H
O
O
py
py
12Zn-E, M = Zn(II)
12Pt-E, M = Pt(II)
cetylMe3N+MnO4–,
CH2Cl2, r.t.
N
O
N
O
N
N
C6F5
C6F5
C6F5
C6F5
M
O
+
O
42,7Zn, M = Zn(II) 
42,7Pt, M = Pt(II)
CS-symmetry
O
TFA (for 42,8Zn)
CrO3,py, r.t.
13Zn-E, M = Zn(II)
13Pt-E, M = Pt(II)
Chapter 3. Bacterio- and Isobacterio-dilactones 
 
 
104 
 
Figure 3-7. UV-vis absorption spectra (CH2Cl2) of the compounds indicated. 
The 1H and 19F NMR spectra of 14M each suggest the presence of a ~1:2 isomeric 
mixtures of two compounds, assigned to the products resulting from the two possibilities 
for a derivatization of porpholactones at a pyrrole moiety adjacent to the oxazolone moiety: 
Either the pyrrole facing the oxo-oxygen or the pyrrole on the side of the oxa-oxygen is 
modified. We could not separate these isomers 14M or assign with certainty which signal 
set in the mixture belonged to which isomer. 
The isobacteriochlorin-type modification pattern in 14M resulting from the derivati-
zation of metalloporpholactones 2M fits the reactivity expectation for regular metallo-
chlorins.18 Surprisingly, free base isobacterioporpholactones 1224 and 1318 were prepared 
by Wollin’s reagent/silane reduction of, or 1,3-dipolar cycloaddition of an ylide to, free base 
porpholactone 2, respectively (Scheme 3-5). Moreover, the latter reactions formed regio-
selectively the compounds in which only the pyrroles facing the lactone oxa-groups were 
derivatized.17 We conclude therefore that the steric and/or electronic factors controlling 
the osmylation reaction of porpholactones 2/2M are principally different from those 
controlling its reduction and cycloaddition reactions. 
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3.1.8 Oxidation of Tetrahydroxymetalloisobacterio-chlorins 13M-E, its Osmate 
Ester 12M-E and Dihydroxy–metalloisobacteriolactone 14M Osmate Esters 
The CTAP-mediated oxidation of either the metalloisobacteriochlorin bisosmate ester 
12M-E, its free alcohols 13M-E, or the metalloisobacteriolactone osmate ester 14M 
generated similar fractions of non-polar and hard-to-separate compounds of identical 
composition (C42H4N4O4M, M = Zn or Pt, as per ESI+ HRMS), corresponding to the expec-
ted metalloisobacterio-dilactones 4M (Scheme 3-7). The UV-vis spectra of the mixture of 
the isomers (Figure 3-8) are metallochlorin-like and much blue-shifted compared to the 
spectra of their parent tetrol or lactone diol osmate esters 12Pt (~50 nm for lmax) and 12Zn 
(~25 nm for lmax), respectively. 
 
 
Figure 3-8. UV-vis absorption spectra (CH2Cl2) of the mixture of the three 
isobacteriochlorindilactones 4M formed in the CTAP-mediated oxidation of the corresponding 
isobacteriochlorin tetraol bisosmate ester metal complex 12M-E. 
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As per 1H, 19F, and 13C NMR (CDCl3) analysis, only two of the three possible iso-
bacteriodilactone isomers are present in the dilactone fraction obtained from CTAP 
oxidation, but in unequal amounts: One C2h-symmetric compound (two d in the pyrrole-b-
region and a single carbonyl carbon signal), assigned to be isomer 42,8M, constituted about 
70% of the fraction. A CS-symmetric compound (three b signals in a 1:2:1 ratio in its 
1H NMR spectrum), assigned to be 42,7M, made up about 1/3 of the fraction, while the 
second possible C2h-symmetric isomer, 43,7, was not observed under these oxidation 
conditions. The two isomeric products could be separated from each other by preparative 
TLC (see experimental). For further details of the basis of the assignments of the isomers, 
see experimental section. The zinc complex 4Zn could also be demetallated by treatment 
with acid to generate the free base isobacteriodilactone 4, also prepared independently 
(see below).  
The corresponding CrO3 oxidation of metalloisobacteriochlorin 13M-E revealed the 
formation of all three possible isomers, also in overall combined yield of ~60%, but in 
different ratios than resulting from the CTAP-mediated oxidation of metalloisobacterio-
chlorin osmate esters 12M-E. Isomers 42,8Pt and 42,7Pt were observed as most abundant 
isomers, in the ratio of 1:1, with only a trace of the 43,7 isomer. An HPLC profile of the 
fraction of the three isomers of 4Pt illustrates this (Figure 3-9A). The separation of corres-
ponding 4Zn was also possible but more difficult (see experimental section).  
The UV-vis spectra of all three fractions were recorded (Figure 3-9B). The differences 
among the spectra of the regioisomers, including the stark differences in their extinction 
coefficients (see experimenal), are remarkable and continue the trend observed for the 
two regioisomers of bacteriodilactones.9 We will discuss below in more detail the UV-vis 
spectra of the individual isomers of the corresponding free bases, as well as provide some 
rationalization of the uneven formation of the regioisomers. 
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Figure 3-9. HPLC trace (detection l at 390 nm) of the isobacteriochlorindilactone Pt isomers 4Pt 
made by CrO3-mediated oxidation of 13Pt-E. HPLC conditions: 5 µm silica column (4.6 ´ 250 
mm), isocratic delivery of hexanes and ethyl acetate (99:1 v/v) at a flow rate of 1.5 mL/min. 
Samples were dissolved in ethyl acetate prior to injection. (B) UV-vis spectra (hexanes:ethyl 
acetate of 99:1) of the three fractions detectable by HPLC. 
3.1.9 Free Base Isobacteriochlorindilactones by One-Step Oxidation of meso-
(C6F5)-porphyrin 1.  
Free base porphyrin 1 proved to be susceptible to direct oxidation using a 10-fold 
stoichiometric excess of CTAP (Scheme 3-8). This reaction generated a number of 
products, among them porpholactone 2 (15%) and some hydroxylated products, such as 
known dihydroxychlorin 5 and tetrahydroxy-isobacteriochlorin 14 (both in < 5% yield). The 
identity of dihydroxyisobactriolactone 14 could be readily demonstrated by the generation 
of an identical (by Rf value, UV-vis spectroscopy, and MS) compound by acid-induced 
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demetallatation of 14Zn. Most significantly in the context of this contribution, a fraction 
containing all three isobacteriochlorin-dilactone isomers 4 (in 25% combined yield) was 
the main product of this oxidation. All three isomers possessed the identical composition 
of C42H7F20N4O4 of their [M+H]+ ion (as shown by ESI+). Notably, no bacteriochlorin-type 
derivatives were observed. Thus, the outcome of the direct oxidation of free base meso-
pentafluorophenylporphyrin 1 is greatly oxidant-dependent, with Gouterman’s conditions 
(Ag+/oxalate/AcOH, D) generating all dilactone isomers,4 and Zhang’s conditions 
(RuO4/bipy/ aqueous base/biphasic with CH2Cl2, D) generating primarily (or even 
exclusively) the bacteriodilactones, and CTAP generating exclusively the 
isobacteriochlorin series.5a 
 
Scheme 3-8. One-Step oxidation of meso-(C6F5)-porphyrin 1. 
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The observation of the two alcohols 5 and 14 is suggesting that they are intermediates 
in the direct MnO4–-mediated oxidation of 1; their small proportion within the reaction 
mixture fits the observation that they are readily oxidized to the corresponding lactones 
(vide infra). Because of the known ability of MnO4– do convert olefins to diols,22 this 
reaction outcome is not surprising per se, but the high susceptibility of the two pseudo-
olefinic b,b’-bonds of the aromatic 18+4 π-system of the meso-C6F5-substituted porphyrin 
1 toward functionalization with MnO4– is remarkable. Surprising is that meso-C6H5-
substituted porphyrin is essentially inert to the same reaction conditions. Given the 
proclivity of free base chlorins to form bacteriochlorins upon modification of a second 
double bond,18 the absence of any bacteriochlorin-like chromophores was also not 
expected. Since certain cycloadditions and reductions of porpholactones form regio-
selectively the isobacteriochlorin-type chromophores, this might also suggest the inter-
mediacy of porpholactone (Scheme 3-5).17 
Purely statistically, a 1:2:1 ratio of 42,8:42,7:43,7 would be expected to form by oxidation 
of 1. However, the three isomers of isobacteriodilactone 4 do not form in a statistical 
manner. An HPLC analysis of a crude fraction containing all isobacteriodilactones shows 
them to be present in a 1:1:0.125 ratio (Figure 3-10A), a finding also confirmed by 1H NMR 
analysis of this mixture (Figure 3-11). The assignment of the isomers rests on a combi-
nation of NMR spectroscopy, computation, and ultimately the single crystal structure 
analysis of two out of the three isomers, detailed below. 
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Figure 3-10. (A) HPLC traces (detection l at 400 nm) of the free base isobacteriochlorindilactone 
isomer mixture. HPLC conditions: 5 µm silica column (4.6 ´ 250 mm), isocratic delivery of 
hexanes and ethyl acetate (99:1 v/v) at a flow rate of 1.5 mL/min. Samples were dissolved in 
ethyl acetate prior to injection. (B) UV-vis absorption (hexanes:ethyl acetate 99:1) and (C) 
fluorescence emission (hexanes:ethyl acetate 99:1; lexcitation = lSoret) spectra of the 
isobacteriochlorindilactone isomers 4 indicated. 
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Figure 3-11. 1H NMR spectra (400 MHz, CDCl3, 25 °C) of a crude fraction of the three 
isobacteriochlorinbislactones 4 and the spectra of the enriched/separated isomers indicated. 
Computations quantify the thermodynamic differences between the isomers (Table 1), 
even though we assume this irreversible oxidation reaction to be kinetically controlled. The 
bacteriochlorin isomers of the dilactones are relatively more stable than all the isobacterio-
chlorins, a finding generally attributed to the sterically more demanding arrangement of 
the two inner NH hydrogen atoms when forced to be located on adjacent rather than 
opposite nitrogen atoms.23 The small energy difference between the isobacteriochlorins 
favoring the 32,13 isomer is commensurate with the observation of an excess of this isomer 
in the reaction mixture. The most stable isobacteriodilactone is the 42,8 isomer, the isomer 
found also to be the most prevalent in the product mixture resulting from the MnO4–-
mediated oxidation of 2M (although the calculations may not be directly translate to the 
metal complexes), and is found in about a 1:1 ratio with the 42,7 isomer in a number of 
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other reactions. The higher than thermodynamically expected occurrence of the 42,7 
isomer reflects its higher statistical chance of formation and–most likely–also that the 
reactions may not be thermodynamically controlled.18 Be that as it may, the least thermos-
dynamically stable compound is also the least prevalent, and the 2.5 kcal/mol difference 
to the 42,8 isomer suggests at least an order of magnitude lower occurrence, as is approxi-
mately found experimentally, also. The two carbonyl groups of adjacent oxazolidones that 
point in isomer 43,7 towards the same meso-aryl group cause some steric constriction. We 
posit that this steric effect is the major cause of the higher energy of this isomer. 
Table 3-1. Computed relative stability of all dilactone isomers.a 
Compound Relative Stability, kcal/mol (kJ/mol) 
32,13 0.0, (0.0) 
32,12 0.6, (2.5) 
42,8 6.1, (25.6) 
42,7 7.1, (29.8) 
43,7 8.6, (36.1) 
aCalculated using the B3LYP-D3/6-31g(d) model chemistry with CH2Cl2 solvation via the 
conductor-like polarizable continuum model. 
Single-pass preparative TLC (silica, 50% hexanes/CH2Cl2) of the isomer mixture 
enriches the 42,8 (blue solid) and 42,7 (purple solid) isomer fractions to about 90% purity, 
and the rare isomer 43,7 (green solid) was isolated in 95%+ purity (Figure 3-11). Both 
isomers 42,8 and 43,7 are C2h symmetric, each exhibiting in their 1H NMR two doublets 
(8.71, 8.61 ppm, J = 5.0 Hz for 42,8 and 8.87, 8.83 ppm, J = 5.0 Hz for 43,7) and a single 
carbonyl peak (at 164.5 and 164.1 ppm for 42,8 and 43,7, respectively) in their 13C NMR 
spectra. A priori, the assignment of which of the two C2h symmetric isomers is which is not 
readily accomplished, even though the shifts in their 1H NMR spectra are significantly 
different. As demonstrated below, their crystal structures and their computed electronic 
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properties allowed their unambiguous identification. The CS-symmetric isomer 42,7 is 
readily identified by its three b peaks exist as three doublets in 1:1:2 ratio (8.79, 8.68, 8.65 
ppm) and two carbonyl peaks appeared in 13C NMR at 164.77 and 164.80 ppm. 
3.1.10 Experimental and Computed Optical Spectra of the Isobacteriodilactone 
Isomers. 
The UV-vis spectra of the free base isobacteriochlorinbislactones are all chlorin-like 
chromophores but with split Soret bands and blue-shifted lmax (Figure 3-10A) compared 
to the spectrum of (more porphyrin-like spectrum) of monolactone 2.7  
 
Figure 3-12. Experimental (black) and simulated (colored) spectra for the three isomeric 
isobacteriodilactones indicated. The simulated curves are based on TD-CAMB3LYP/6-31+g(d) 
calculations. The calculated wavelengths were systematically red-shifted by 64 nm for better 
comparison to experiment, and Gaussians having a full width at half maximum of 0.1 eV were fit 
to the calculated spectral data. 
Similar to the bacteriodilactone regioisomers 39, the isobacteriochlorindilactones 
regioisomers 4 also exhibit all much differing optical properties. Among all three 
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isobacteriochlorindilactones 4, the lmax band of isomer 42,8 is the most red-shifted; it is ~10 
nm red shifted (lmax) compared to 42,7 and 17 nm red shifted (lmax) compared to 43,7. The 
splitting of the Soret bands in 42,8 and 42,7 (~ 20 nm splits) collapses in 43,7 into a single 
band at about an intermediate wavelength between the Soret bands of the other two 
isomers. The fluorescence emission wavelengths mirror this trend (Figure 3-10B). 
The absorption spectral of the three isobacteriodilactones are well reproduced by time-
dependent density functional theory (TD-DFT) calculations (Figure 3-12). The lmax absorp-
tion Q-band was modeled to possess 65-73% HOMO ® LUMO and 26-32% (HOMO-1) 
® (LUMO+1) character. In line with the four orbital model for isobacteriochlorin, we assign 
this spectral feature as the Qy state. Interestingly, this excitation was predicted to induce 
very different charge redistributions among the isomeric chromophores. The dipole 
moment (aligned with the C5-C15 axis) is predicted to decrease by 0.8 D for 42,8 and 42,7 
upon excitation, but increases by 1.7 D for 43,7, and is associated with a reversal of the 
electron density flow vector (Table 3-2).  
Table 3-2. Relative Ground and Excited State Energies, Absolute Dipole Moments, and 
Excitation Wavelengthsa 
Isomer DEgsb 
(kcal/mol) 
|µgs| (D)  DEesc 
(kcal/mol) 
|µes| (D)c Calc. l 
(nm)d 
Exp. l 
(nm) 
42,8 0.0 9.07 0.0 8.22 640 639 
42,7 0.7 9.88 2.3 9.12 621 631 
43,7 2.9 10.77 5.6 12.46 610 618 
a Dipole moments and excitation wavelengths calculated with DFT and TD-DFT, respectively, 
using the CAM-B3LYP/6-31+g(d) model chemistry. The structures were optimized using B3LYP/6-
31g(d),27 and have hydrogens in place of meso-C6F5 substituents. 
b gs = ground state;  
c es = excited state 
d Red-shifted by 64 nm 
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The reversal in the direction of the ground-to-excited state charge shift is attributable 
to an energetic inversion of the LUMO and LUMO+1 orbitals (Figure 3-13). The molecular 
orbitals also highlight to which degree the lactone moiety is in electronic communication 
with the central 18π-system, as was also the case in other porpholactone derivatives.7 
This also rationalizes the stark differences between the UV-vis spectra of the 
isobacteriochlorin tetraol 12M-E and any of the isomers of the corresponding 
metalloisobacteriochlorindilactone 4M. 
 
Figure 3-13. Topological and energetic evolution of the frontier orbitals of the 
isobacteriodilactones as derived from DFT calculations. All orbitals are shown at an isosurface 
value of 0.02 a.u. 
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3.1.11 Crystal Structure Analysis of Isobacteriodilactones 42,8 and 42,7. 
A crystal of a 9:1 mixture of the two isobacteriochlorindilactones 42,8 and 42,7 could be 
grown that were suitable for analysis by single crystal X-ray diffractometry. The crystal 
allowed the isolation of the structures of each component, ultimately confirming the 
connectivities of the isomers (Figures 3-14A and 14B). Both compounds are moderately 
distorted from planarity, likely because of (additive) carbonyl-meso-aryl group steric inter-
actions that were also derived for the monolactones.7 The regioisomers show differing 
deformation modes (Figure 3-14C), whereby isomer 42,7 is mostly domed and propellered, 
with some minor waving(x) deformations, isomer 42,8 is mostly saddled, with some smaller 
doming and waving(x) deformations.27 
 
Figure 3-14. Stick representations of the X-ray single crystal structures of (A) dilactone 42,7, the 
majority compound of a mixed crystal of 42,7 and 42,8 (oblique and side views) and (B) dilactone 
42,8 (top and side views); arrow in oblique view indicates view direction of the side views. All 
disorder, and solvents removed for clarity. The meso-aryl substituents were removed in the side 
views for clarity. (C) NSD analysis27 of the independent molecules in the unit cell indicated. 
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3.2 Conclusions 
The stepwise, controlled and high-yielding preparation of porphodilactone isomers via 
the porphyrin  ® tetrahydroxybacteriochlorin ® bacteriodilactone or porphyrin  ® porpho-
lactone  ® dihydroxychlorolactone ® bacteriodilactone pathways are complementary to 
those described previously with the added benefit that it generates only the two regioiso-
meric bacteriochlorins 3, with no need to separate them from any monolactone or other 
dilactone isomers. Like some of the oxidation methodologies developed by the group of 
Zhang,5a these routes are also applicable to the formation of other meso-arylporphyrins,16 
albeit this was not demonstrated here. 
Starting from the metalloporphyrins or metalloporpholactones, equivalent strategies 
([porphyrin]M  ® [tetrahydroxyisobacteriochlorin]M ® [isobacteriodilactone]M or 
[porphyrin]M  ® [porpholactone]M  ® [dihydroxyisobacteriolactone]M ® [isobacterio-
dilactone]M) could be developed for the selective generation of the three possible 
isobacteriodilactone isomers 4. Their separation could be achieved. Lastly, a direct 
oxidation of free base tetrakis-C6F5-porphyrin to generate a host of known products 
together with the free base isobacteriodilactone isomers 4 was developed. After their first 
discovery in 1989,4 these are the first reports of their rational or efficient syntheses. Key 
to the understanding of the different optical properties of the free base isobacteridilactone 
isomers 4 is that the same excitation produces different dipolar responses as a 
consequence of the inverted energetic ordering and differing topologies of their LUMOs.  
We thus present rational pathways towards all isomers of the dilactones and make 
them therefore accessible for further study. 
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3.3 Experimental Section 
Materials: All solvents and reagents (Aldrich, Acros) were used as received. 
meso-Tetrakis(pentafluorophenyl)porphyrin 128 was provided by a commercial supplier. 
Known metalloporphyrins 1Zn and 1Pt were prepared by metal insertion into 1 using 
standard methods.28-29 Analytical (aluminum backed, silica gel 60, 250 µm thickness) and 
preparative (20 ´ 20 cm, glass backed, silica gel 60, 500 µm thickness) TLC plates, and 
standard grade, 60 Å, 32-63 µm flash column silica gel were used. 
CAUTION: OsO4 is a highly toxic, volatile solid that must be handled exclusively under 
a well-ventilated fume hood. Particular hazards are inhalation and exposure of the eye to 
OsO4 fumes. Personal protective equipment (nitrile gloves, lab coat and safety goggles) 
are required. Reactions were frequently scaled such that the contents of an entire OsO4 
ampule could be used all at once; the ampule was broken open (leather gloves over the 
nitrile gloves) and cap and ampule were immediately dumped into the reaction flask 
containing all other solvents and reactants; the glass was retrieved by filtration or with 
pincers before the solvent was removed by rotary evaporation. When less than the 
contents of an entire OsO4 ampule was required, the OsO4 was dissolved in distilled 
pyridine in a volumetric flask, well-sealed, stored cold, and used up within days. Wastes 
that might contain unreacted OsO4 were treated with NaHSO3 before disposal.   
Computations. All structures were optimized with the Becke, three-parameter, Lee-
Yang-Parr (B3LYP) hybrid functional, a 6-31g(d) basis set, and an ultrafine grid for 
integration, as implemented in Gaussian 09 revision D.01.26 Frequency calculations were 
performed for each molecule; we confirmed that local minima were obtained. Ground and 
excited state energies and dipole moments, as well as time-dependent density functional 
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theory (TD-DFT) excitation energies, were calculated with the CAM-B3LYP/6-31+g(d) 
model chemistry for the already optimized structures. 
X-Ray Single Crystal Diffractometry. Details of the data collection and structural 
parameters for the structure elucidation of 6, 7-Z, 12FZn-E, 13H2, 42,7 and the solid solution 
of 42,8 and 42,7, including general procedures, instruments used, tables of experimental 
details, descriptions of disorder and hydrogen atom treatment, and software packages 
used, can be found in the SI. The crystallographic data, in CIF format, have been 
deposited with the Cambridge Crystallographic Data Centre under number CCDC 
1867940 (for 6), CCDC 1867943 (for 7-Z), CCDC 1867938 (for 9-rac), CCDC 1867942 
(for 12Zn-E), CCDC 1867939 (for 42,8) and CCDC 1867941 (for mixed crystal of 42,7 and 
42,8). These data can be obtained free of charge from The Cambridge Crystallographic 
Data Centre via www.ccdc.cam.ac.uk/data_request/cif. 
3.3.1 General Procedure A: Osmylation of meso-Tetrakis(pentafluorophenyl)-
porphyrin 1, its Metal Complexes 1M, and Related Compounds.  
The porphyrin was dissolved in a round-bottom flask equipped with a stir bar in CHCl3 
and freshly distilled pyridine. The mixture treated with OsO4 (stock solution made of 1.0 g 
OsO4 dissolved in 50 mL of pyridine). The flask was stoppered, shielded from light with 
aluminum foil, and stirred at ambient temperature. The disappearance of the starting 
material/appearance of the product was monitored by TLC and UV-vis spectroscopy. 
Once no further progress of the reaction was detectable (after ∼24 h), the solvent was 
removed to dryness by rotary evaporation and the crude mixture was separated by column 
chromatography (silica–CH2Cl2/1.0% MeOH). 
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3.3.2 General Procedure B: Reductive Cleavage of Chlorin Diol Osmate Esters.  
Once the osmylation reaction as described above was complete (TLC control), 
approximately 50% of the solvent was removed by rotary evaporation. To the crude 
reaction mixture, a saturated solution of NaHSO3 in MeOH:H2O (1:1) was added. The flask 
was stoppered, wrapped in aluminum foil, and the biphasic solution was vigorously stirred 
at ambient temperature for 2 d. Once no further progress of the reaction was detectable 
by TLC, the mixture was transferred into a separatory funnel. After the addition of CH2Cl2 
(~50 mL), the organic fraction was separated and filtered through a short plug of diatoma-
ceous earth (Celite®). The solvent was then removed to dryness by rotary evaporation. A 
gentle stream of N2 for several h ensured that the crude material was thoroughly dried 
before it was purified via flash chromatography (silica cartridge–CH2Cl2/1.0%MeOH). 
3.3.3 General Procedure C: CTAP-Mediated Oxidative Cleavage of Chlorin Osmate 
Esters to Provide Corresponding Porpholactones. 
 Chlorin diol osmate ester (6) was dissolved in a round-bottom flask equipped with a 
stir bar in CH2Cl2. The mixture treated with cetyltrimethylamonium MnO4˜ (CTAP). The 
flask was stoppered, shielded from light with aluminum foil, and stirred at ambient tempe-
rature. The disappearance of the starting material/appearance of the product was moni-
tored by TLC. Upon consumption of the starting material (~30 min), the reaction mixture 
was filtered through a short silica plug and the filter cake was washed with CH2Cl2 until 
the product was completely removed from the plug. The filtrate was then condensed under 
vacuum purified via flash chromatography (silica–50% hexanes/CH2Cl2). 
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3.3.4 General Procedure D: CrO3-Mediated Oxidative Cleavage of Chlorin Diols to 
Provide Corresponding lactones. 
 Chlorin diols (5) were dissolved in pyridine in a round-bottom flask equipped with a 
stir bar. The mixture was treated with CrO3. The flask was stoppered, shielded from light 
with aluminum foil, and stirred at ambient temperature. The disappearance of the starting 
material and appearance of the product was monitored by TLC. Once no further progress 
of the reaction was detectable (after ~30 min). The organic phase was separated and 
filtered through a short plug of silica. The solvent was removed to dryness by rotary 
evaporation. A gentle stream of N2 for several hours ensured that the crude material was 
thoroughly dried. The crude material was purified by flash chromatography (silica-
CH2Cl2/25% hexanes). 
3.3.5 meso-Tetrakis(pentafluorophenyl)-2,3-cis-hydroxychlorin Osmate Ester (6). 
 Prepared according to general procedure A using meso-(C6F5)-porphyrin 1 (1.00 g, 
1.03  ´ 10-3 mol) and 1 equiv of OsO4 (1.03  ´ 10-3 mol) in CHCl3 (125 mL) and pyridine 
(25 mL) in a 250 mL round bottom flask. Isolated as a green color solid in ~60% yield 
(1.0 mmol). About 10-20% of the starting material 1 was recovered; small and varying 
amounts of the corresponding bacteriochlorin tetraol bisosmate ester 7 could also be 
retrieved from the column. 6: Rf = 0.13 (silica, CHCl3); 1H NMR (400 MHz, CDCl3, δ): 8.75 
(d, 3J = 4.9 Hz, 2H, b-sp2), 8.64 (br s, 1H, NH-free py), 8.56 (overlapping d, 3J = 5.8 Hz, 
4H, o-py), 8.55 (overlapping s, 2H, b-sp2), 8.50 (d, 3J = 4.9 Hz, 2H, b-sp2), 7.86 (t, 3J = 7.5, 
7.5 Hz, 2H, p-py), 7.70 (t, 3J = 7.0, 7.5 Hz, 1H, free py), 7.40 (t, 3J = 6.8, 6.9 Hz, 4H, m-py), 
7.31 (overlapping t, 3J = 5.5 Hz, 2H, free py), 7.00 (s, 2H, b-sp3), -1.98 (br s, NH, 2H) ppm; 
13C NMR (101 MHz, CDCl3, δ): 166.1, 152.8, 149.9 (o-py) 149.6 (o-py), 140.7 (p-py), 140.5 
(p-py), 136.2, 135.5, 132.4, 127.6, 125.2 (m-py), 124.2 (m-py), 123.9 (b), 105.3, 98.9, 95.5 
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(sp3) ppm; 19F NMR (376 MHz; CDCl3, δ): -134.2 (dd, 3J = 24.3, 7.7 Hz, 2F, o-F), -136.9 
(dd, 3J = 24.9, 8.5 Hz, 4F, o- F), -139.2 (dd, , 3J = 24.3, 7.6 Hz, 2F, o- F), -152.1(t, 3J = 
20.9 Hz, 2F, p- F), -153.9 (t, 3J = 20.9 Hz, 2F, p-F), -161.8 (td, 3J = 22.3, 7.5 Hz, 2F, 
m- F), -162.4 (td, 3J = 22.6, 6.8 Hz, 2F, m- F), -164.2 (td, 3J = 22.6, 6.9 Hz, 2F, m- F) ppm; 
UV-vis (CH2Cl2) lmax, nm (rel. intensity): 408 (1.00), 504 (0.11), 595 (0.03), 647 (0.20), 714 
(0.03); fluorescence emission (λexcitation = λSoret) (CH2Cl2) λmax: 650 nm; like all 
hydroporphyrin osmate esters, no molecular peak could be detected in the ESI+ or ESI– 
MS (100% CH3CN, 5-30 V cone voltage). 
 
Figure 3-15. UV-Vis (red solid trace) and fluorescence (red broken trace) spectra of meso-C6F5-
(OH)2chlorin osmate ester 6 (CH2Cl2); λexcitation = λSoret 
 
 
 
N
C6F5
HN
C6F5
N
C6F5
NH
C6F5 OsO Py
Py
O O
O
H
H
4b
N
C6F5
HN
C6F5
N
C6F5
NH
C6F5 OsO Py
Py
O O
O
H
H
4b
Chapter 3. Bacterio- and Isobacterio-dilactones 
 
 
123 
 
Figure 3-16. 1H NMR spectrum (400 MHz, CDCl3, 25 °C) of meso-C6F5-(OH)2chlorin  
osmate ester 6 
 
 
 
Figure 3-17. 19F NMR spectrum (376 MHz, CDCl3, 25 °C) of meso-C6F5-(OH)2-chlorin  
osmate ester 6 
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Figure 3-18. 13C NMR spectrum (100 MHz, CDCl3, 25 °C) of meso-C6F5-(OH)2-chlorin osmate 
ester 6 
 
3.3.6 meso-Tetrakis(pentafluorophenyl)-2,3-cis-12,13-cis-tetrahydroxybacterio-
chlorin Osmate Esters (7-Z and E).  
Prepared by the osmylation of meso-(C6F5)-porphyrin 1 (1.00 g, 1.03  ´ 10-3 mol) 
according to the general procedure A using 2 equiv of OsO4 (0.52 g, 2.06  ´ 10-3 mol) in 
CHCl3 (125 mL) and pyridine (25 mL). The mixture of 7-Z and 7-E was isolated as a green-
colored solid in ~60% yield. 7: Rf = 0.15 (silica, CHCl3); 1H NMR (400 MHz, CDCl3, non-
polar (major) E-isomer, d): 8.53 (d, 3J = 5.4 Hz, 4H, o-py), 8.23 (d, 4J = 1.7 Hz, 2H, b-sp2), 
7.78 (t, 3J = 7.5, 7.5 Hz, 2H, p-py), 7.33 (t, 3J = 7.8, 7.8 Hz, 4H, m-py), 6.82 (s, 2H, b-sp3), 
-1.90 (s, 1H,  NH) ppm; 13C NMR (100 MHz, CDCl3, d): 161.6, 149.5 (o-py), 140.4, 136.6 
(p-py), 130.9, 128.8, 124.9 (m-py), 122.5, 100.2, 95.2 (sp3) ppm; 19F NMR: (376 MHz; 
CDCl3, δ): -134.3 (dd, 3J = 24.35, 7.59 Hz, 4F, o-F), -139.5 (dd, 3J = 24.44, 7.61 Hz, 4F, 
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o-F), -154.6 (t, 3J = 20.94 Hz, 4F, p-F), -162.8 (td. 3J = 22.70, 6.91 Hz, 4F, m-F), -164.5 
(td, 3J = 22.64, 6.66 Hz, 4F, m-F) ppm; UV-vis (CH2Cl2) lmax, nm: 354 (0.79), 378 (1.00), 
448 (0.08), 479 (0.08), 508 (0.43), 654 (0.05), 715 (0.74); no molecular peak could be 
detected in the ESI+ or ESI– MS (100% CH3CN, 5-30 V cone voltage).  
 
Figure 3-19. UV-vis (CH2Cl2) spectrum of meso-tetrakis-(C6F5)-2,3,12,13-
tetrahydroxybacteriochlorin bisosmate ester (7-Z) 
 
 
Figure 3-20. 1H NMR spectrum (400 MHz, CDCl3, 25 °C) of meso-tetrakis-(C6F5)-2,3,12,13-
tetrahydroxybacteriochlorin bisosmate ester (7-Z) 
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Figure 3-21. 19F NMR spectrum (376 MHz, CDCl3, 25 °C) of meso-tetrakis-(C6F5)-2,3,12,13-
tetrahydroxybacteriochlorin bisosmate ester 7-Z 
 
 
Figure 3-22. 13C NMR spectrum (100 MHz, CDCl3, 25 °C) of meso-tetrakis-(C6F5)-2,3,12,13-
tetrahydroxybacteriochlorin bisosmate ester 7-Z 
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3.3.7  [meso-Tetrakis(pentafluorophenyl)-2,3-cis-dihydroxychlorinato]zinc(II) 
Osmate Ester (6Zn). 
 Prepared according to the general procedure A from 1Zn (1.00g, 0.94 ´ 10-3 mol) using 
1 equiv of OsO4 (0.24 g, 0.94  ´ 10-3 mol) in CHCl3 (125 mL) and pyridine (25 mL) and 
isolated as purple crystals in ~60% yield. Rf = 0.3 (silica, CHCl3); 1H NMR (400 MHz, 
CDCl3, δ): 8.55 (overlapping d, 3J = 4.6 Hz, 2H, b-sp2 and 4H, o-py), 8.47 (s, 2H, b-sp2), 
8.25 (d, 3J = 4.7 Hz, 2H, b-sp2), 7.87 (t, 3J = 7.4, 7.2 Hz, 2H, p-py), 7.41 (t, 3J = 6.5, 6.5 
Hz, 4H, m-py), 6.87 (s, 2H, b-sp3) ppm; 19F NMR (376 MHz; CDCl3, d): -134.4 (s, 2F, 
o-F), -137.4 (s, 4F, o-F), -139.5 (s, 2F, o-F), -153.4 (t, 3J = 20.8 Hz, 2F, p-F), -155.3 (s, 
2F, p-F), -162.4 to -162.7 (m, 4F, m-F), -163.0 (s, 2F, m-F), -164.9 (s, 2F, m-F) ppm; 
13C NMR (100 MHz, CDCl3, δ): 161.6, 153.8, 149.4 (o-py) 146.9, 146.5, 144.3, 140.5 
(p-py), 136.3 (p-py), 131.7 (b), 128.4, 127.5, 125.0 (m-py), 122.7 (m-py), 106.4, 97.4, 95.0 
(sp3) ppm; UV-vis (CH2Cl2) lmax, nm (rel. intensity): 415 (1.00), 515 (0.03), 575 (0.03), 
618 (0.19); no molecular peak could be detected in the ESI+ or ESI– MS (100% CH3CN, 
5-30 V cone voltage). 
 
Figure 3-23. UV-Vis (blue solid trace) spectra of [meso-C6F5-(OH)2-chlorinato]Zn(II)  
osmate ester 6Zn (CH2Cl2) 
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Figure 3-24. 1H NMR spectrum (400 MHz, CDCl3, 25 °C) of [meso-C6F5-(OH)2-chlorinato]Zn(II) 
osmate ester 6Zn 
 
 
 
Figure 3-25. 19F NMR spectrum (376 MHz, CDCl3, 25 °C) of [meso-C6F5-(OH)2-chlorinato]Zn(II) 
osmate ester 6Zn 
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Figure 3-26. 13C NMR spectrum (100 MHz, CDCl3, 25 °C) [meso-C6F5-(OH)2-chlorinato]Zn(II) 
osmate ester 6Zn 
 
Figure 3-27. HMQC spectrum (75 MHz, CDCl3, 25 °C) of [meso-C6F5-(OH)2-chlorinato]Zn(II) 
osmate ester 6Zn 
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3.3.8 [meso-Tetrakis(pentafluorophenyl)-2,3-cis-dihydroxychlorinato]platinum(II) 
Osmate Ester (6Pt).  
Prepared according to the general procedure A from 1Pt (1.00g, 0.92 ´ 10-3 mol) and 
1 equiv of OsO4 (0.23 g, 0.92  ´ 10-3 mol) in CHCl3 (125 mL) and pyridine (25 mL). Product 
was isolated as a burgundy solid in 50% yield. 6Pt: Rf = 0.25 (silica, CHCl3); 1H NMR (400 
MHz, CDCl3, δ): 8.51 to 8.46 (overlapping peak, 4H, o-py and 4H, b-sp2), 8.28 (d, 3J = 4.9 
Hz, 2H, b-sp2), 7.80 (t, 3J = 7.5, 7.5 Hz, 2H, p-py), 7.34 (t, 3J = 8.7, 6.8 Hz, 4H, m-py), 6.90 
(s, 2H, b-sp3) ppm; 13C NMR (100 MHz, CDCl3, δ): 154.0, 149.6 (o-py), 146.0, 140.8 (p-
py), 137.4, 136.2, 132.0, 127.1, 126.2, 125.2 (m-py), 109.2, 99.9, 93.7 (sp3) ppm; UV-vis 
(CH2Cl2) lmax, nm (rel. intensity): 395 (1.00), 479 (0.05), 548 (0.06), 591 (0.34); no 
molecular peak could be detected in the ESI+ or ESI– MS (100% CH3CN, 5-30 V cone 
voltage). 
 
Figure 3-28. UV-Vis spectrum (CH2Cl2) of [meso-C6F5-(OH)2-chlorinato]Pt(II) osmate ester 6Pt 
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Figure 3-29. 1H NMR spectrum (400 MHz, CDCl3, 25 °C) of [meso-C6F5-(OH)2-chlorinato]Pt(II) 
osmate ester 6Pt 
 
 
Figure 3-30. 13C NMR spectrum (100 MHz, CDCl3, 25 °C) of [meso-C6F5-(OH)2-chlorinato]Pt(II) 
osmate ester 6Pt 
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3.3.9 [meso-Tetrakis(pentafluorophenyl)-2,3-cis,7,8-cis-tetrahydroxyisobacterio-
chlorinato]zinc(II) Osmate Esters (12Zn-E).  
Prepared according to the general procedure A from 1Zn (1.00g, 0.94 ´ 10-3 mol) using 
2 equiv of OsO4 (0.48 g, 1.88  ´ 10-3 mol) in CHCl3 (125 mL) and pyridine (25 mL) and 
isolated as a green solid in ~60% yield. 12Zn-E; Rf = 0.25 (silica, CHCl3); 1H NMR (400 
MHz, CDCl3, δ): 8.56 (overlapping d, 3J = 4.9 Hz, 4H, o-py), 8.52 (overlapping d, 3J = 4.9 
Hz, 4H, o-py), 7.87 (overlapping d, 3J = 4.4 Hz, 2H, b-sp2), 7.95 to 7.84 (overlapping t, 4H, 
p-py), 7.47 (overlapping d, 3J = 4.3 Hz, 2H, b-sp2), 7.42 (t, 3J = 6.3, 6.4 Hz, 4H, m-py), 
7.37 (t, 3J = 6.5, 6.5 Hz, 4H, m-py), 6.35 to 6.26 (overlapping d, J = 6.8 Hz, 4H, b-sp3) 
ppm; 19F NMR (376 MHz; CDCl3, d): -134.6 (dd, 3J = 24.72, 7.38 Hz, 2F, o-F), -137.2 (dd, 
3J = 24.74, 5.98 Hz, 2F, o-F), -138.3 (dd, 3J = 24.06, 7.85 Hz, 2F, o-F), -140.5 (dd, 3J = 
24.83, 7.42 Hz, 2F, o-F), -154.5 (t, 3J = 20.81 Hz, 1F, p-F), -156.1 (t, 3J = 21.00 Hz, 2F-p-
F), -157.1 (t, 3J = 21.09 Hz, 1F-p-F), -162.9 (td, 3J = 22.56, 6.70 Hz, 2F-m-F), -163.6 (td, 
3J = 22.56, 6.70 Hz, 2F, m-F), -164.9 (td, 3J = 31.26, 14.50 Hz, 2F, m-F), -165.2 (td, 3J = 
31.26, 14.50 Hz, 2F, m-F) ppm;  13C NMR (100 MHz, CDCl3, δ): 166.9, 157.1, 151.7, 149.5 
(o-py), 149.4 (o-py), 142.2, 140.5 (p-py), 128.5, 125.1 (m-py), 125.1 (m-py), 122.1, 111.6, 
98.8, 94.9 (sp3), 92.9 (sp3) ppm; UV-vis (CH2Cl2) lmax, nm (log e): 410 (4.79), 560 (3.85), 
605 (4.39); Like all hydroporphyrin osmate esters, no molecular peak could be detected 
in the ESI+ or ESI– MS (100% CH3CN, 5-30 V cone voltage). 
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Figure 3-31. UV-vis (CH2Cl2) spectrum of [meso-tetrakis-(C6F5)-(OH)4-isobacteriochlorinato]Zn(II) 
bisosmate ester 12Zn-E 
 
 
Figure 3-32. 1H NMR spectrum (400 MHz, CDCl3, 25 °C) of [meso-tetrakis-(C6F5)-(OH)4-
isobacteriochlorinato]Zn(II) bisosmate ester 12Zn-E 
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Figure 3-33. 19F NMR spectrum (376 MHz, CDCl3, 25 °C) of [meso-tetrakis-(C6F5)-(OH)4-
isobacteriochlorinato]Zn(II) bisosmate ester 12Zn-E 
 
 
Figure 3-34. 13C NMR spectrum (100 MHz, CDCl3, 25 °C) of [meso-tetrakis(C6F5)-(OH)4-
isobacteriochlorinato]Zn(II) bisosmate ester 12Zn-E 
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3.3.10 [meso-Tetrakis(pentafluorophenyl)-2,3-cis,7,8-cis-tetrahydroxyisobacterio-
chlorinato]Zn(II) (13Zn-E). 
 Prepared according to the general procedure B by the cleavage of osmate ester 12Zn-
E (1.54g, 1.0 ´ 10-3 mol) using MeOH:H2O (1:1) (80 mL). The product 13Zn-E was isolated 
as a green color solid in ~80% isolated yield. 13Zn-E; Rf = 0.22 (silica, 2% 
CH3OH/CH2Cl2); 1H NMR (400 MHz, CDCl3, δ): 7.89 (d, J = 4.2 Hz, 1H, b-sp2), 7.49 (d, 
J = 4.3 Hz, 1H, b-sp2), 5.58 (d, J = 7.1 Hz, 1H, b-sp3), 5.54 (d, J = 6.9 Hz, 1H, b-sp3) ppm; 
19F NMR (376 MHz; CDCl3, δ): -136.3 (d, J = 21.67 Hz, 2F, o-F), -138.3 (d, J = 18.4 Hz, 
2F, o-F), -138.6 (d, J = 17.10 Hz, , 2F, o-F), -140.5 (d, J = 19.83 Hz, 2F, o-F), -153.1 (t, 
J = 20.80 Hz, 1F, p-F), -153.86 (t, J = 23.34 Hz, 2F, p-F), -154.02 (t, J = 21.06 Hz, 1F, p-
F), -161.98 to -162.55 (overlapped peaks, 8F, m-ph) ppm; UV-vis (CH2Cl2) lmax, nm (rel. 
intensity): 407.4 (1.00), 533.7 (0.09), 596.3 (0.29); fluorescence emission (λexcitation = λSoret) 
(CH2Cl2) λmax: 600 nm; HR-MS (ESI+, 100% CH3CN, TOF): calculated for 
C44H12F20N4O4Zn [M]+ 1103.9825, found 1103.9838. 
 
Figure 3-35. UV-vis (solid black trace) and fluorescence emission (broken black trace) spectra 
(CH2Cl2) of [meso-tetrakis-(C6F5)-(OH)4-isobacteriochlorinato]Zn(II) 13Zn-E; λexcitation = λSoret 
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Figure 3-36. 1H NMR (400 MHz, CDCl3) spectrum of [meso-tetrakis-(C6F5)-(OH)4-
isobacteriochlorinato]Zn(II) 13Zn-E 
 
 
Figure 3-37. 19F NMR (376 MHz, CDCl3) spectrum of [meso-tetrakis-(C6F5)-(OH)4-
isobacteriochlorinato]Zn(II) 13Zn-E 
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3.3.11  [meso-Tetrakis(pentafluorophenyl)-2,3-cis,7,8-cis-
tetrahydroxyisobacteriochlorinato]platinum(II) Osmate Esters (12Pt-E).  
Prepared according to the general procedure A from 1Pt (1.00g, 0.92 ´ 10-3 mol) and 
2 equiv of OsO4 (0.47 g, 1.84  ´ 10-3 mol) in CHCl3 (125 mL) and pyridine (25 mL). The 
product was isolated as a red solid in ~60% isolated yield. 12Pt-E; Rf = 0.20 (silica, CHCl3); 
1H NMR (400 MHz, CDCl3, δ): 8.60 to 8.48 (overlapping d, 3J = 5.0 Hz, 8H, o-py), 8.01 (d, 
3J = 4.2 Hz, 2H, b-sp2), 7.88 to 7.75 (overlapping t, 3J = 6.8, 7.2 Hz, 4H, p-py), 7.71 (d, 3J 
= 4.2 Hz, 2H, b-sp2), 7.44 to 7.30 (overlapping t, 3J = 6.5 Hz, 8H, m-py), 6.47 to 6.38 (d, 
3J = 7.0 Hz, 4H, b-sp3) ppm; 19F NMR (376 MHz; CDCl3, d): -133.9 (dd, 3J = 24.02, 7.27 Hz, 
2F, o-F), -136.6 (dd, 3J = 24.42, 6.83 Hz, 2F, o-F), -137.6 (dd, 3J = 23.34, 7.72 Hz, 2F, 
o-F), -139.8 (dd, 3J = 24.36, 7.47 Hz, 2F, o-F), -153.1 (t, 3J = 20.92 Hz, 1F, p-F), -154.8 (t, 
3J = 20.97 Hz, 2F, p-F), -155.8 (t, 3J = 21.11 Hz, 1F, p-F), -161.9 (td, 3J = 22.00, 6.58 Hz, 
2F, m-F), -162.8 (td, 3J = 22.57, 6.89 Hz, 2F, m-F), -164.0 (td, 3J = 22.56, 7.12 Hz, 2F, m-
F), -164.6 (td, 3J = 22.56, 7.12 Hz, 2F, m-F) ppm; 13C NMR (100 MHz, CDCl3, δ): 159.6, 
149.6 (o-py), 149.5 (o-py), 148.3, 142.6, 140.6 (p-py), 131.6, 127.4, 125.2 (m-py), 125.1 
(m-py), 120.4, 113.2, 100.4, 96.5, 93.6, 92.1 ppm; UV-vis (CH2Cl2) lmax, nm (log e): 
384 (4.80), 506 (3.83), 529 (4.08), 573 (4.67), 699 (3.06); IR (KBr) nmax: 1766 cm-1. Like 
all hydroporphyrin osmate esters, no molecular peak could be detected in the ESI+ or 
ESI– MS (100% CH3CN, 5-30 V cone voltage). 
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Figure 3-38. UV-Vis (CH2Cl2) spectra of [meso-tetrakis-(C6F5)-(OH)4-isobacteriochlorinato]Pt(II) 
bisosmate ester 12Pt-E 
 
Figure 3-39. 1H NMR spectrum (400 MHz, CDCl3, 25 °C) of [meso-tetrakis-(C6F5)-(OH)4-
isobacteriochlorinato]Pt(II) bisosmate ester 12Pt-E 
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Figure 3-40. 19F NMR spectrum (376 MHz, CDCl3, 25°C) of [meso-tetrakis-(C6F5)-(OH)4-
isobacteriochlorinato]Pt(II) bisosmate ester 12Pt-E 
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Figure 3-41. 19F-19F COSY NMR spectrum (376 MHz, CDCl3, 25°C) of [meso-tetrakis-(C6F5)-
(OH)4-isobacteriochlorinato]Pt(II) bisosmate ester 12Pt-E 
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Figure 3-42. 1H-19F COSY NMR spectrum (376 MHz, CDCl3, 25°C) of [meso-tetrakis-(C6F5)-
(OH)4-isobacteriochlorinato]Pt(II) bisosmate ester 12Pt-E 
 
 
 
Figure 3-43. 13C NMR spectrum (100 MHz, CDCl3, 25 °C) of [meso-tetrakis-(C6F5)-(OH)4-
isobacteriochlorinato]Pt(II) bisosmate ester 12Pt-E 
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3.3.12  [meso-Tetrakis(pentafluorophenyl)-2,3-cis,7,8-cis-tetrahydroxyisobacterio-
chlorinato]platinum(II) (13Pt-E).  
Prepared according to the general procedure B by the cleavage of osmate ester 12Pt-
E (1.25g, 1.0 ´ 10-3 mol) using MeOH:H2O (1:1) (80 mL). The product was isolated as a 
red-colored solid in ~80% yield. 13Pt-E; Rf = 0.33 (silica, 2% CH3OH/CH2Cl2); 1H NMR 
(400 MHz; 2% CD3OD/CDCl3, δ): 7.98 (d, J = 4.5 Hz, 1H, b-sp2), 7.73 (d, J = 4.7 Hz, 1H, 
b-sp2), 5.63 (d, J = 7.1 Hz, 1H, b-sp3), 5.57 (d, J = 7.3 Hz, 1H, b-sp3) ppm; 19F NMR (376 
MHz; 2% CD3OD/CDCl3, δ): -135.8 (dd, J = 23.67, 7.17 Hz, 2F, o-F), -138.1 (dd, J = 23.13, 
7.1 Hz, 4F, o-F), -140.6 (dd, J = 23.84, 6.90 Hz, 2F, o-F), -152.6 (t, J = 20.82 Hz, 1F, p-F), 
-154.1 (t, J = 20.71 Hz, 2F, p-F), -154.8 (t, J = 20.62 Hz, 1F, p-F), -161.7 (dt, J = 21.48, 
6.45 Hz, 2F, o-F), -162.7 (overlapped dt, J = 21.82, 11.08 Hz, 4F, o-F), -163.4 (dt, J = 
22.31, 6.15 Hz, 2F, o-F) ppm; UV-vis (CH2Cl2) lmax, nm (rel. intensity): 376.0 (1.00), 507.4 
(0.20), 565.7 (0.60); HR-MS (ESI+, 100% CH3CN, TOF): calculated for C44H12F20N4O4Pt 
[M]+ 1235.182, found 1235.0198. 
 
Figure 3-44. UV-vis spectrum (CH2Cl2) of [meso-tetrakis-(C6F5)-(OH)4-isobacteriochlorinato]Pt(II) 
13Pt-E 
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Figure 3-45.1H NMR (400 MHz, 2% MeOD/CDCl3) spectrum of [meso-tetrakis-(C6F5)-(OH)4-
isobacteriochlorinato]Pt(II) 13Pt-E 
 
 
Figure 3-46.19F NMR (376 MHz, 2% MeOD/CDCl3) spectrum of [meso-tetrakis-(C6F5)-(OH)4-
isobacteriochlorinato]Pt(II) 13Pt-E 
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3.3.13 [meso-Tetrakis(pentafluorophenyl)-2-oxa-3-oxoporphyrin (2).  
Prepared according to the general procedure C from 6 (25.0 mg, 0.02 ´ 10-3 mol) using 
~6 eq of CTAP (60 mg, 0.12 ´ 10-3 mol) in CH2Cl2 (20 mL). The product 2 was isolated as 
a purple solid in ~50% yield. Spectroscopic properties identical to those reported 
previously.7 
3.3.14 [meso-Tetrakis(pentafluorophenyl)-2-oxa-3-oxoporphyrinato]zinc(II) (2Zn).  
Prepared according to the general procedure C from 6Zn (25mg, 0.02 ´  10-3 mol) using 
~6 eq of CTAP (60 mg, 0.12 ´ 10-3 mol) in CH2Cl2 (20 mL). The product 2Zn was isolated 
as a blue solid in ~50% isolated yield. Spectroscopic properties identical to those reported 
previously.22a 
 
Figure 3-47. UV-Vis (CH2Cl2) spectrum of [meso-tetrakis-(C6F5)-porpholactonato]Zn(II) 2Zn 
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Figure 3-48. 1H NMR spectrum (400 MHz, CDCl3, 25 °C) of [meso-tetrakis-(C6F5)-porpho-
lactonato]Zn(II) 2Zn 
 
 
 
Figure 3-49. 19F NMR spectrum (376 MHz, CDCl3, 25 °C) of [meso-tetrakis-(C6F5)-porpho-
lactonato]Zn(II) 2Zn 
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Figure 3-50. 13C NMR spectrum (100 MHz, CDCl3, 25 °C) of [meso-tetrakis-(C6F5)-
porpholactonato]zinc(II) 2Zn 
 
3.3.15 [meso-Tetrakis(pentafluorophenyl)-2-oxa-3-oxoporphyrinato]platinum(II) 
(2Pt). 
 Prepared according to the general procedure C from 6Pt (30mg, 0.02 ´ 10-3 mol) 
using ~6 eq of CTAP (60 mg, 0.12 ´ 10-3 mol). The product 2Pt was isolated as a 
burgundy-colored solid in ~50% yield. Spectroscopic properties identical to those reported 
previously; included for comparison.22a 
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Figure 3-51. UV-Vis (CH2Cl2) spectrum of [meso-tetrakis-(C6F5)-porpholactonato]Pt(II) 2Pt 
 
 
 
Figure 3-52. 1H NMR spectrum (400 MHz, CDCl3, 25 °C) of [meso-tetrakis-(C6F5)-
porpholactonato]Pt(II) 2Pt 
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Figure 3-53. 19F NMR spectrum (376 MHz, CDCl3, 25 °C) [meso-tetrakis-(C6F5)-
porpholactonato]Pt(II) 2Pt 
 
 
Figure 3-54. 13C NMR spectrum (100 MHz, CDCl3, 25 °C) [meso-tetrakis-(C6F5)-
porpholactonato]Pt(II) 2Pt 
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3.3.16 meso-Tetrakis(pentafluorophenyl)-2,3-cis-dihydroxy-12-oxa-13-oxochlorin 
Osmate Ester (9)  
Prepared according to the general procedure A from 2 (100mg, 0.10  ´ 10-3 mol) and 
1 equiv of OsO4 (0.02 g, 0.10  ´ 10-3 mol) in CHCl3 (25 mL) and pyridine (5 mL). After 
recovery of low polarity starting material 2 (up to 10%), osmate ester 6 was isolated as a 
green solid in ~55% yield. 9: Rf = 0.25 (silica, CHCl3); 1H NMR (400 MHz, CDCl3, δ): 8.61 
(d, 3J = 4.7 Hz, 1H, b-sp2), 8.59 to 8.48 (m, 4H, o-py), 8.52 (d, overlapped 1H, b-sp2), 8.44 
(d, 3J = 4.9 Hz, 1H, b-sp2), 8.27 (d, 3J = 3.4 Hz, 1H, b-sp2), 7.93 to 7.83 (m, 3J = 7.7, 7.9, 
7.8 Hz,  2H,  p-py), 7.47-7.33 (m, 3J = 8.7, 6.8, 7.3 Hz, 4H, m-py), 6.82 (apparent s, 2H, 
b-sp3), -1.28 (br s, 1H, NH), -1.63 (br s, 1H, NH) ppm; 13C NMR (75 MHz, CDCl3, δ): 168.5, 
166.1, 163.7, 152.5, 149.5 (o-py), 149.4 (o-py), 141.2, 140.8 (p-py), 139.2, 138.2, 134.3, 
127.6, 127.3, 127.16, 125.18 (m-py), 125.18 (overlapped b), 122.6, 104.9, 103.0, 101.0, 
95.8, 94.4, 88.3 ppm; UV-vis (CH2Cl2) lmax, nm (rel. intensity): 402 (1.00), 494 (0.07), 529 
(0.04), 623 (0.03), 681 (0.25); IR (KBr) nC=O: 1766 cm-1. Like all hydroporphyrin osmate 
esters, no molecular peak could be detected in the ESI+ or ESI– MS (100% CH3CN, 
5-30 V cone voltage). Its corresponding diol meso-tetrakis(pentafluorophenyl)-2,3-cis-
dihydroxy-12-oxa-13-oxochlorin was reported previously.13c 
 
Figure 3-55. UV-vis spectrum (CH2Cl2) of meso-C6F5-(OH)2-chlorolactone osmate ester 9 
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Figure 3-56. 1H NMR spectrum (400 MHz, CDCl3, 25 °C) of meso-C6F5-(OH)2-chlorolactone 
osmate ester 9 
 
 
Figure 3-57. 13C NMR spectrum (75 MHz, CDCl3, 25 °C) of meso-C6F5-(OH)2-chlorolactone 
osmate ester 9 
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Figure 3-58. 1H-1H COSY spectrum (75 MHz, CDCl3, 25 °C) of meso-C6F5-(OH)2-chlorolactone 
osmate ester 9 
 
Figure 3-59. HMQC spectrum (75 MHz, CDCl3, 25 °C) of meso-C6F5-(OH)2-chlorolactone osmate 
ester 9 
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3.3.17 Mixture of [meso-Tetrakis(pentafluorophenyl)-2,3-dihydroxy-7-oxa-8-oxo-
chlorinato]Platinum(II) Osmate Ester and [meso-Tetrakis(pentafluorophenyl)-2,3-
cis-dihydroxy-8-oxa-7-oxochlorinato]Platinum(II) Osmate Ester (1:2 mixture of 
isomers) (14Pt).  
Prepared according to the general procedure A from 2Pt (100mg, 0.08  ´ 10-3 mol) 
and 1 equiv of OsO4 (0.02 g, 0.08  ´ 10-3 mol) in CHCl3 (25 mL) and pyridine (5 mL). 
Product was isolated as a burgundy solid in ~60% yield. 14Pt; Rf = 0.25 (silica, CHCl3); 1H 
NMR (400 MHz, CDCl3, δ): 8.59 (overlapping d, 3J = 5.5 Hz, 4H, o-py (major isomer), 2H, 
o-py (major isomer), 8.49 (d, 3J = 5.8 Hz, 1H, b-sp2 (minor isomer), 8.29 (d, 3J = 4.9 Hz, 
1H, b-sp2 (major isomer), 8.25-8.17 (overlapping d, 2H, b-sp2 (major isomer)), 8.01 (d, 3J 
= 5.1 Hz, 1H, b-sp2 (major isomer)), 7.96 to 7.81 (overlapping t, 2H, p-py (major isomer), 
1H, p-py (minor isomer)), 7.50 to 7.34 (overlapping t, 4H, m-py (major isomer), 2H, m-py 
(minor isomer)), 6.86 to 6.82 (overlapping d, 1H, b-sp3-minor isomer), 6.76 (d, 3J = 6.9 Hz, 
b-sp3-1H (major isomer)), 6.56 (d, 3J = 7.2 Hz, b-sp3-1H (major isomer)) ppm; 19F NMR 
(376 MHz; CDCl3, d): -133.8 (dd, 3J = 24.01, 7.56 Hz, 1F, o-F), -134.2 (dd, 3J = 23.59, 6.83 
Hz, 1F, o-F), -134.7 (dd, 3J = 23.65, 6.63 Hz, 1F, o-F), -136.9 (overlapping dd, 3F, 
o-F), -137.2 (overlapping dd, 3J = 24.98, 7.82 Hz, 2F, o-F), -138.4 (dd, 3J = 23.35, 6.99 
Hz, 1F, o-F), -138.7 (dd, 3J = 22.87, 7.21 Hz, 1F, o-F), -139.0 (overlapping dd, 3J = 24.58, 
7.35 Hz, 2F, o-F), -139.7 (dd, 3J = 23.75, 6.46 Hz, 1F, o-F), -151.2 (t, 3J = 20.90 Hz, 1F, 
p-F), -151.85 (t, 3J = 16.12 Hz, 1F, p-F), -151.99 (t, 3J = 20.81 Hz, 1F, p-F), -153.07 (t, 
3J = 20.77 Hz, 1F, p-F), -153.24 (t, 3J = 21.08 Hz, 1F, p-F), -153.9 (t, 3J = 20.89 Hz, 1F, 
p-F), -160.8 (td, 3J = 22.09, 7.80 Hz, 1F, m-F), -161.0 (td, 3J = 21.94, 11.06 Hz, 1F, m-
F), -161.7 (overlapping dt, 7F, m-F), -162.3 (td, 3J = 22.57, 7.58 Hz, 1F, m-F), -163.3 (td, 
3J = 39.02, 17.99 Hz, 2F, m-ph), -164.0 (td, 3J = 22.49, 7.27 Hz, 1F, m-ph) ppm; 13C NMR 
(100 MHz, CDCl3, δ): 164.2, 162.9, 152.7, 149.8 (o-py), 149.6 (o-py), 146.2, 141.2 (p-py), 
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141.0 (p-py), 138.7, 135.6, 135.2, 131.1, 127.2, 125.5 (m-py), 125.4 (m-py), 125.2, 125.0, 
113.6, 100.6, 94.5, 93.8, 92.7, 92.1, 85.1 ppm; UV-vis (CH2Cl2) lmax (rel. intensity): 
390 (1.00), 474 (0.08), 505 (0.06), 548 (0.12), 592 (0.43), 646 (0.04) nm; like all 
hydroporphyrin osmate esters, no molecular peak could be detected in the ESI+ or ESI– 
MS (100% CH3CN, 5-30 V cone voltage).  
 
Figure 3-60. UV-vis spectrum (CH2Cl2) of [meso-tetrakis-(C6F5)-(OH)2-
isobacteriochlorolactone]Pt(II) osmate ester 14Pt 
 
Figure 3-61. 1H NMR spectrum (400 MHz, CDCl3, 25 °C) of [meso-tetrakis-(C6F5)-(OH)2-
isobacteriochlorolactone]Pt(II) osmate ester 14Pt 
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Figure 3-62. 19F NMR spectrum (376 MHz, CDCl3, 25 °C) of [meso-tetrakis-(C6F5)-(OH)2-
isobacteriochlorolactone]Pt(II) osmate ester 14Pt 
 
 
 
Figure 3-63. 13C NMR spectrum (100 MHz, CDCl3, 25 °C) of [meso-tetrakis-(C6F5)-(OH)2-
isobacteriochlorolactone]Pt(II) osmate ester 14Pt 
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3.3.18 1:0.7 Isomer mixture of meso-Tetrakis(pentafluorophenyl)-2,12-dioxa-3,13-
dioxoporphyrin] (32,13) and [meso-Tetrakis(pentafluorophenyl)-2,13-oxa-3,12-dioxo-
porphyrin] (32,12). 
 Prepared according to the general procedure C from 7 (30.0 mg, 0.02  ´ 10-3 mol) and 
~10 eq CTAP (100 mg, 0.20  ´ 10-3 mol) with CH2Cl2 (15 mL) according to the general 
procedure as a purple color solid in ~60% yield. Its spectroscopic properties were identical 
to those described previously.9 
 
Figure 3-64. UV-vis spectrum (CH2Cl2) of a 1:0.7 mixture of the two bacteriodilactone isomers 
33,12 and 33,13 
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Figure 3-65. 1H NMR spectrum (400 MHz, CDCl3, 25 °C) of a representative 1:0.7 mixture of the 
two bacteriodilactone isomers 33,12 and 33,13 derived from oxidation of 7 
 
 
 
Figure 3-66. 19F NMR spectrum (400 MHz, CDCl3, 25 °C) of a representative 1:0.7 mixture of the 
two bacteriodilactone isomers 33,12 and 33,13 derived from oxidation of 7 
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3.3.19 Mixture of [meso-Tetrakis(pentafluorophenyl)-2,7-bis-oxa-3,8-bis-oxopor-
phyrinato]zinc(II), [meso-Tetrakis(pentafluorophenyl)-3,7-bis-oxa-2,8-bis-oxopor-
phyrinato]zinc(II) and [meso-Tetrakis(pentafluorophenyl)-2,8-bis-oxa-3,7-bis-
oxoporphyrinato]zinc(II). Path A:  
Prepared according to the general procedure C from 12/14Zn (0.13  ´ 10-3 mol) and 
~10 eq of MnO4- (1.30   ´ 10-3 mol) in CH2Cl2 (10 mL). Mixture of isomers of 4Zn (42,8Zn: 
42,7Zn: 43,7Zn; 0:1:2). were isolated as a green color solid in ~55-60% yield. Path B: 
Prepared according to the general procedure C from 13Zn (30 mg, 0.03   ´ 10-3 mol) and 
~10 of CrO3 (30 mg, 0.30   ´ 10-3 mol) in pyridine (5 mL). Product was isolated as a mixture 
of isomers (42,8Zn: 42,7Zn: 43,7Zn; 1:2:2) in 30% yield (8 mg) as a greenish blue color solid. 
4Zn: Rf = 0.45 (silica, 25% Hexanes/CH2Cl2); 1H-NMR (400 MHz; CDCl3, δ): 8.68 (d, 4H, 
b-43,7Zn), 8.54 (d, J = 4.8 Hz, 1H, b-42,7Zn), 8.41 (s, 2H, b-42,7Zn), 8.39 (d, J = 4.5 Hz, 1H, 
b-42,7Zn), 8.32 (d, J = 4.5 Hz, 2H, b-42,8Zn), 8.19 (d, J = 4.4 Hz, 2H, b-42,8Zn) ppm; 19F 
NMR (376 MHz; CDCl3, δ): -137.40 to -138.92 (8F, o-F), -150.82-151.50 (8F, p-F), -160.75 
to -161.47 (8F, m-F) ppm; 13C NMR (100 MHz, CDCl3, δ): 163.9, 155.9, 152.1, 146.4, 
132.2, 128.0, 127.0, 105.7 ppm; UV-vis (CH2Cl2) λmax, (log ε): 425.0 (5.08), 572.9 (3.84), 
622.9 (4.36), 654.2 (3.84) nm; fluorescence emission (λexcitation = λSoret) (CH2Cl2) λmax: 627, 
650 nm; IR (neat) nC=O: 1771.37 cm-1; HR-MS (ESI+, 100% CH3CN, TOF): calculated for 
C42H4F20N4O4Zn [M]+ 1072.9277, found 1072.9266. 
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Figure 3-67. UV-vis (solid traces) and fluorescence (dotted traces) spectra (CH2Cl2) [meso-
tetrakis-(C6F5)-isobacteriodiporpholactonato]Zn(II) isomer mixture 4Zn (blue traces: resulting from 
CTAP oxidation; red solid traces: resulting from CrO3 oxidation); λexcitation = λSoret 
 
 
Figure 3-68. 1H NMR (400 MHz, CDCl3, 25 °C) spectra [meso-tetrakis-(C6F5)-isobacteriodi-
porpholactonato]Zn(II) isomer mixture 4Zn (red trace: resulting from CTAP oxidation; blue traces: 
resulting from CrO3 oxidation) 
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Figure 3-69. 1H NMR spectrum (400 MHz, CDCl3, 25 °C) of [meso-tetrakis-(C6F5)-
isobacteriodiporpholactonato]Zn(II) isomer mixture 4Zn (CrO3 oxidation products) 
 
 
Figure 3-70. 19F NMR (376 MHz, CDCl3, 25 °C) spectrum of [meso-tetrakis-(C6F5)-
isobacteriodiporpholactonato]Zn(II) isomer mixture 4Zn (CrO3 oxidation products) 
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Figure 3-71. 13C NMR spectrum (100 MHz, CDCl3, 25 °C) of [meso-tetrakis-(C6F5)-
isobacteriodiporpholactonato]Zn(II) isomer mixture 4Zn (CrO3 oxidation products) 
 
 
Figure 3-72. FT-IR spectrum (neat, diamond ATR) of [meso-tetrakis-(C6F5)-isobacteriodiporpho-
lactonato]Zn(II) isomer mixture 4Zn (CrO3 oxidation products) 
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3.3.20 Mixture of [meso-Tetrakis(pentafluorophenyl)-2,7-bis-oxa-3,8-bis-oxopor-
phyrinato]platinum(II), [meso-Tetrakis(pentafluorophenyl)-3,7-bis-oxa-2,8-bis-oxo-
porphyrinato]platinum(II) and [meso-Tetrakis(pentafluorophenyl)-2,8-bis-oxa-3,7-
bis-oxoporphyrinato]platinum(II). Path A:  
Prepared according to the general procedure C from 12/14Pt (0.13  ´ 10-3 mol) and 
~10 eq of CTAP (1.30   ´ 10-3 mol) in CH2Cl2 (10 mL). Isomer mixture of 4Pt (42,8Pt: 42,7Pt: 
43,7Pt; 0:1:2) were isolated as a violet color solid in ~55-60% yield. Path B: Prepared 
according to the procedure D from 13Pt (25mg, 0.02 ´ 10-3 mol). and ~10eq CrO3 (20mg, 
0.20 ´ 10-3 mol). Isomer mixture of 4Pt (42,8Pt: 42,7Pt: 43,7Pt; 1:4:8) were isolated in ~45% 
yield. 4Pt; Rf = 0.8 (silica, 25% Hexanes/CH2Cl2); 1H NMR (400 MHz, CDCl3, δ) 8.85 (s, 
2H, b-42,8Pt), 8.70 (s, 2H, b-42,8Pt), 8.60 to 8.52 (overlapping peaks, 4H, b-42,7Pt and 2H, 
b-42,8Pt), 8.44 (d, J = 5.2 Hz, 2H, b-42,8Pt) ppm; 19F NMR (376 MHz; CDCl3, d): -136.72 
to -136.90 (overlapping dd, 6F, o-F), -138.06 to -138.36 (overlapping dd, 6F, o-F), -149.4 
(overlapping t, 3F, p-F), -149.8 (t, 3J = 20.17 Hz, 1F, p-F), -150.0 (overlapping t, 2F, 
p-F), -159.77 to -160.33 (overlapping td, 6F, p-F), -160.52 to -160.87 (overlapping td, 6F, 
p-F) ppm; 13C NMR (100 MHz, CDCl3, δ): 161.7, 156.2, 142.5, 137.2, 130.7, 128.0, 117.1, 
108.2 ppm; UV-vis (CH2Cl2) λmax, (log ε): 4.89, 3.95, 4.38, 4.32, 3.95 nm; IR (neat) nC=O: 
1779.42 cm-1; HR-MS (ESI+, 100% CH3CN, TOF): calculated for C42H5F20N4O4Pt [M+H]+ 
1203.9634, found 1203.9621. 
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Figure 3-73. UV-Vis (CH2Cl2) spectra (blue trace: CTAP oxidation product; red trace: CrO3 
oxidation product) of [meso-tetrakis-(C6F5)-isobacteriodiporpholactonato]Pt(II) isomer mixtures 
4Pt 
 
 
 
Figure 3-74. 1H NMR (400 MHz, CDCl3, 25 °C) spectra of [meso-tetrakis-(C6F5)-isobacterio-
diporpholactonato]Pt(II) isomer mixtures 4Pt (black trace: CrO3 oxidation products; red trace: 
CTAP oxidation products) 
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Figure 3-75. 1H NMR spectrum (400 MHz, CDCl3, 25 °C) of [meso-tetrakis-(C6F5)-isobacterio-
diporpholactonato]Pt(II) isomer mixture 4Pt (CrO3 oxidation product) 
 
 
Figure 3-76. 19F NMR (376 MHz, CDCl3, 25 °C) spectrum of [meso-tetrakis-(C6F5)-isobacterio-
diporpholactonato]Pt(II) isomer mixture 4Pt 
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Figure 3-77. 1H NMR spectrum (400 MHz, CDCl3, 25 °C) of [meso-tetrakis-(C6F5)-
isobacteriodiporpholactonato]Pt(II) isomer mixtures 42,8Pt 
 
 
Figure 3-78. 13C NMR spectrum (100 MHz, CDCl3, 25 °C) of [meso-tetrakis-(C6F5)-
isobacteriodiporpholactonato]Pt(II) 42,8Pt 
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Figure 3-79. FT-IR spectrum (neat, diamond ATR) of [meso-tetrakis-(C6F5)-isobacteriodiporpho-
lactonato]Pt(II) 4Pt. 
3.3.21 Direct Oxidation of meso-Tetrakis(pentafluorophenyl)porphyrin (1): [meso-
Tetrakis(pentafluorophenyl)-3,8-bis-oxa-2,7-bis-oxoporphyrin] (42,7), [meso-Tetra-
kis(pentafluorophenyl)-3,7-bis-oxa-2,8-bis-oxoporphyrinato] (42,8), [meso-Tetra-
kis(pentafluorophenyl)-2,8-bis-oxa-3,7-bis-oxoporphyrinato] (43,7), and meso-
Tetrakis(pentafluorophenyl)-2,3-dihydroxyisobacteriolactone (14).  
Prepared according to the general procedure C from 1 (200mg, 0.20  ´ 10-3 mol) and 
~10 equiv of CTAP (1g, 0.20  ´ 10-3 mol). Mixture of isomers of 4 was isolated as the major 
product in 25% yield (45 mg 0.20 mmol) in unequal ratio (42,8:42,7:43,7 ratio of 8:8:1). meso-
Tetrakis(pentafluorophenyl)porpholactone 2 was also isolated in 15% yield (30 mg) as a 
pinkish-red solid.7 In addition, low polarity starting materials 1 and high polarity green 
dihydroxychlorin (5)13b and pink dihydroxyisobacteriolactone (14) were isolated in <5% 
yield. The regioisomeric isobacteriochlorindilactones 42,8, 42,7 and 43,7 were separated from 
each other in 95% isomer purity after a single pass of preparative TLC (silica–
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50%Hexanes/CH2Cl2). 42,8: Rf = 0.75 (silica, 25% Hexanes/ CH2Cl2); 1H NMR (400 MHz; 
CDCl3, δ): 8.71 (d, 3J = 2.9 Hz, 2H, b), 8.61 (d, 3J = 5.1 Hz, 2H, b), -0.15 (s, 2H, NH) ppm; 
19F NMR (376 MHz; CDCl3, δ): -136.9 (d, 3J = 15.41 Hz, 2F,  o-F), -137.6 (dd, 3J = 22.74, 
7.04 Hz, 2F, o-F), -138.3 (dd, 3J = 23.05, 7.39 Hz, 4F, o-F), -148.6 (t, 3J = 20.81 Hz, 1F, 
p-F), -150.3 (t, 3J = 21.00 Hz, 2F, p-F), -151.1 (t, 3J = 20.90 Hz, 1F, p-F), -159.5 (td, 3J = 
21.12, 10.53 Hz, 2F, m-F), -160.8 (td, 3J = 21.40, 6.17 Hz, 4F, m-F), -161.4 (td, 3J = 21.57, 
5.95 Hz, 2F, m-F) ppm; 13C NMR (101 MHz; CDCl3, δ): 164.5, 156.8, 147.2, 144.8, 144.0, 
143.0, 141.4, 139.4, 136.8, 136.5, 134.4, 133.2, 132.1, 130.5, 128.0, 125.7, 124.7, 109.4, 
105.2, 101.2, 29.7 ppm; UV-vis (CH2Cl2) λmax, (log ε): 406.5 (5.53), 425.0 (5.53), 526.8 
(4.30), 566.2 (4.30),  594.0 (4.40), 640.3 (4.70) nm; fluorescence emission (λexcitation = λSoret) 
(CH2Cl2) λmax: 645 nm; IR (neat) nC=O: 1776.35 cm-1; Φ = 0.27; HR-MS (ESI-, 100% CH3CN, 
TOF): calculated for C42H7F20N4O4 [M+H]+ 1011.0142, found 1011.0151. 42,7: Rf = 0.75 
(silica, 25% Hexanes/ CH2Cl2); 1H NMR (400 MHz; CDCl3, δ): 8.79 (dd, J = 5.0, 1.9 Hz, 
1H, b), 8.68 (d, J = 5.1 Hz, 1H, b), 8.65 (d, J = 1.6 Hz, 2H, b), -0.32 (s, 1H, NH), -0.75 (s, 
1H, NH) ppm; 19F NMR (376 MHz; CDCl3, δ): -136.82 (dd, 3J = 21.24, 6.09 Hz, 2F, 
o-F), -136.97 (dd, 3J = 22.85, 6.84 Hz, 4F, o-F), -140.3 (dd, 3J = 23.41, 7.40 Hz, 2F, 
o-F), -148.7 (t, 3J = 20.65 Hz, 1F, p-F), -149.5 (t, 3J = 21.00 Hz, 2F, p-F), -152.3 (t, 3J = 
20.92 Hz, 1F, p-F), -159.6 (td, 2F, m-F), -160.2 (td, 4F, m-F), -162.2 (td, 2F, m-F) ppm; 
13C NMR (101 MHz; CDCl3, δ): 164.1, 155.8, 152.1, 147.3, 146.4, 144.6, 143.7, 132.1, 
128.0, 127.0, 124.4, 29.7, 22.7, 14.1 ppm; UV-vis (CH2Cl2) λmax, (log ε): UV-vis (CH2Cl2) 
λmax, (log ε): 408.3 (5.53), 431.2 (5.52), 533.3 (4.30), 585.4 (4.48), 631.2 (4.48); 
fluorescence emission (λexcitation = λSoret) (CH2Cl2): 635 nm; Φ = 0.34; IR (neat) nC=O: 
1783.25 cm-1; HR-MS (ESI-, 100% CH3CN, TOF): calculated for C42H7F20N4O4 [M+H]+ 
1011.0142, found 1011.0151 43,7: Rf = 0.60 (silica, 25% Hexanes/ CH2Cl2); 1H NMR (400 
MHz; CDCl3, δ):  8.87 (d, 3J = 4.7 Hz, 2H, b), 8.83 (d, 3J = 5.0 Hz, 2H, b), -1.99 (s, 2H, NH) 
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ppm; 19F NMR (376 MHz; CDCl3, δ): -136.82 (dd, 3J = 21.24, 6.09 Hz, 2F, o-F), -136.97 
(dd, 3J = 22.85, 6.84 Hz, 4F, o-F), -140.3 (dd, 3J = 23.41, 7.40 Hz, 2F, o-F), -148.7 (t, 3J = 
20.65 Hz, 1F, p-F), -149.5 (t, 3J = 21.00 Hz, 2F, p-F), -152.3 (t, 3J = 20.92 Hz, 1F, 
p-F), -159.6 (td, 2F, o-F), -160.2 (td, 4F, o-F), -162.2 (td, 2F, o-F) ppm; 13C NMR (101 
MHz; CDCl3, δ): 164.1, 155.8, 152.1, 147.3, 146.4, 144.6, 143.7, 132.1, 128.0, 127.0, 
124.4, 29.7, 22.7, 14.1 ppm; UV-vis (CH2Cl2) λmax, (log ε): 418.0 (4.98), 461.8 (3.70), 523.4 
(3.48), 572.0 (3.78), 623.8 (4.54) nm; fluorescence emission (λexcitation = λSoret) (CH2Cl2): 
625 nm; Φ= 0.12; IR (neat) nC=O: 1773.61 cm-1; HR-MS (ESI-, 100% CH3CN, TOF): 
calculated for C42H7F20N4O4 [M+H]+ 1011.0142, found 1011.0152. 14: Rf  = 0.42 (CH2Cl2); 
1H NMR (400 MHz; CDCl3, δ):  7.92 (d, J = 4.8 Hz, 1H, b-sp2), 7.75 (s, 2H, b-sp2), 7.52 (d, 
J = 4.5 Hz, 1H, b- sp2), 5.75 (d, J = 6.69, 1H, b -sp3), 5.64 (d, J = 6.83, 1H, b -sp3), 3.85 
(s, 1H, NH), 2.94 (s, 1H, NH) ppm; 19F NMR (376 MHz; CDCl3, δ): -135.6 (d, J = 23.54, 
2F, o-F), -137.52 (dd, J = 23.48, 6.75, 1F, o-F), -137.65 (dd, J = 20.65, 6.75, 1F, o-F), -
138.98 (d, J = 16.18, 2F, o-F), -139.16 (dd, J = 23.63, 7.44, 1F, o-F), -140.1 (dd, J = 3.44, 
6.67, 1F, o-F), -150.7 (t, J = 20.82, 1F, p-F), -151.5 (t, J = 20.80, 1F, p-F), -151.8 (t, J = 
21.01, 1F, p-F), -152.1 (t, J = 20.86, 1F, p-F), -160.5 (td, J = 22.12, 7.85, 2F, m-F), -161.0 
(td, J = 22.16, 7.68, 2F, m-F), -161.32 (overlapping td, J = 22.16, 7.68, 2F, m-F), -161.51 
(td, J = 22.24, 11.16, 1F, m-1F), -161.69 (td, J = 22.34, 11.04, 1F, m-F) ppm; 13C NMR 
(101 MHz; CDCl3, δ): 164.6, 162.6, 159.7, 157.6, 155.6, 151.4, 143.55, 143.46, 141.0, 
139.1, 136.59, 136.55, 134.9, 134.4, 129.1, 128.2, 127.9, 124.2, 122.4, 112.5, 111.83, 
111.65, 110.1, 108.8, 97.7, 86.5, 86.1, 72.4, 71.2, 61.1, 58.0, 29.69, 29.66, 29.59, 19.1, 
13.7 ppm; UV-vis (CH2Cl2) λmax, (log ε): 385.2 (4.86), 494.4 (3.48), 533.3 (3.90), 575.9 
(4.04), 629.6 (3.30) nm; fluorescence emission (λexcitation = λSoret) (CH2Cl2) λ: 587, 635 nm; 
Φ = 0.90; HR-MS (ESI+, 100% CH3CN, TOF): calculated for C44H15F20N4O4 [M+H]+ 
1043.0768, found 1043.0701. 
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3.3.21.1 meso-Tetrakis(pentafluorophenyl)-2,3-cis-dihydroxyisobacterio-
lactone (14)  
 
Figure 3-80. UV-vis (black trace) and fluorescence emission (green trace) spectra (CH2Cl2) of 
meso-tetrakis-(C6F5)-(OH)2-isobacteriochlorolactone 14; λexcitation = λSoret 
 
 
Figure 3-81. 1H NMR (400 MHz, CDCl3) spectrum of meso-tetrakis-(C6F5)-(OH)2-
isobacteriochlorolactone 14 
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Figure 3-82. 1H NMR spectrum (400 MHz, CDCl3) of 14, before (black trace) and after (red trace) 
a D2O exchange 
 
 
 
Figure 3-83. 19F NMR (376 MHz, CDCl3) spectrum of meso-tetrakis-(C6F5)-(OH)2-
isobacteriochlorolactone 14 
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Figure 3-84. 13C NMR (100 MHz, CDCl3) of meso-tetrakis-(C6F5)-(OH)2-
isobacteriochlorolactone 14 
 
3.3.21.2 meso-Tetrakis(pentafluorophenyl)-3,7-dioxa-2,8-dioxoporphyrin (42,8) 
 
Figure 3-85. UV-vis (black solid trace) and fluorescence (green solid trace) spectra (CH2Cl2) of 
meso-tetrakis-(C6F5)-isobacteriodiporpholactone 42,8; λexcitation = λSoret 
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Figure 3-86. 1H NMR (400 MHz, CDCl3, 25 °C) spectrum of of meso-tetrakis-(C6F5)-
isobacteriodiporpholactone 42,8 
 
 
Figure 3-87. D2O exchange 1H NMR (400 MHz, CDCl3, 25 °C) of of meso-tetrakis-(C6F5)-
isobacteriodiporpholactone 42,8, black solid trace before D2O, red solid trace after D2O exchange 
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Figure 3-88. 19F NMR (376 MHz, CDCl3, 25 °C) spectrum of of meso-tetrakis-(C6F5)-
isobacteriodiporpholactone 42,8 
 
 
Figure 3-89. 13C NMR (100 MHz, CDCl3, 25 °C) spectrum of of meso-tetrakis-(C6F5)-
isobacteriodiporpholactone 42,8 
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Figure 3-90. FT-IR spectrum (neat, diamond ATR) of meso-tetrakis-(C6F5)-
isobacteriodiporpholactone 42,8 
 
3.3.21.3 meso-Tetrakis(pentafluorophenyl)-3,8-dioxa-2,7-dioxoporphyrin (42,7) 
 
Figure 3-91. UV-Vis (black solid trace) and fluorescence (green solid trace) spectra (CH2Cl2) of 
meso-tetrakis-(C6F5)-isobacteriodiporpholactone 42,7; λexcitation= λSoret 
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Figure 3-92. 1H NMR (400 MHz, CDCl3, 25 °C) spectrum of meso-tetrakis-(C6F5)-
isobacteriodiporpholactone 42,7 
 
 
 
Figure 3-93. 19F NMR (376 MHz, CDCl3, 25 °C) spectrum of meso-tetrakis-(C6F5)-
isobacteriodiporpholactone 42,7 (major isomer) 
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Figure 3-94. 13C NMR (100 MHz, CDCl3, 25 °C) spectrum of meso-tetrakis-(C6F5)-
isobacteriodiporpholactone 42,7 (major isomer) 
 
 
Figure 3-95. FT-IR spectrum (neat, diamond ATR) of meso-tetrakis-(C6F5)-
isobacteriodiporpholactone 42,7 
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3.3.21.4 meso-Tetrakis(pentafluorophenyl)-2,8-dioxa-3,7-dioxoporphyrin (43,7) 
 
Figure 3-96. UV-Vis (black trace) and fluorescence (green trace) spectra (CH2Cl2) of meso-
tetrakis-(C6F5)-isobacteriodiporpholactone 43,7; λexcitation = λSoret 
 
 
 
Figure 3-97. 1H NMR (400 MHz, CDCl3, 25 °C) spectrum of meso-tetrakis-(C6F5)-
isobacteriodiporpholactone 43,7 
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Figure 3-98. 19F NMR (376 MHz, CDCl3, 25 °C) spectrum of meso-tetrakis-(C6F5)-
isobacteriodiporpholactone 43,7 
 
 
 
Figure 3-99. 13C NMR (100 MHz, CDCl3, 25 °C) spectrum of meso-tetrakis-(C6F5)-
isobacteriodiporpholactone 43,7 
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Figure 3-100. FT-IR spectrum (neat, diamond ATR) of meso-tetrakis-(C6F5)-
isobacteriodiporpholactone 43,7 
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4 Constricting the Porphyrinic π-System: Oxidative Conversions of 
Porphyrin to Pyrrocorphins and Pyrrocorphinlactones 
Sequential conversion of one or two β,β’-double bonds from the 18+4 π system of a 
porphyrin to one or two single bonds generates the hydroporphyrins of the chlorin, 
bacteriochlorin or isobacteriochlorin classes, respectively (Figure 4-1). These tetrapyrrolic 
macrocycles make up the bulk of the ‘pigments of life’.1  
 
Figure 4-1. Framework structures of the four most common and naturally occurring 
chromophores porphyrin, dihydroporphyrin, and tetrahydroporphyrins, and the 
hexahydroporphyrin pyrrocorphin. 
Heme–a porphyrin iron complex, for instance, is a ubiquitous prosthetic group in 
numerous electron transfer and oxygen transport, storage, or activation enzymes. Chlorins 
are the primary photosynthetic pigments of the green plants, while bacteriochlorins are the 
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light-harvesting chromophores of anoxygenic photosynthetic bacteria.2 Isobacterio-
chlorins are found, as their iron complexes, as the prosthetic groups in cytochrome cd1 
and siroheme, bacterial enzymes that catalyze the multi-electron reductions of nitrite or 
sulfite.2-3  
A wide range of methods was described to accomplish the conversions of porphyrins 
to these di- and tetra-hydroporphyrins, among them reductions, oxidations or cyclo-
additions (all referred here to as ‘reductions’). The double bonds may also be altogether 
cleaved or replaced with a different moiety, thereby generating (hydro)porphyrin 
analogues.4 In some cases, the regioselectivity of the conversion of a chlorin to a bacterio-
chlorin or its isomeric isobacteriochlorin was understood.5 
The porphyrinic 18 π-system, including the so-called cross-conjugated double bonds, 
are the well-established origin of the optical properties of the porphyrinoids.6 In the majority 
of the ‘reduction’ reactions, the degree of ‘reduction’ of the porphyrin is controlled by the 
retention of the central Hückel-aromatic 18 π-system, even in the presence of a large 
excess of the ‘reductant’. Thus, once two cross-conjugated double bond were removed, 
no further double bonds are ‘reduced’ since this would perturb the macrocycle aromaticity. 
For instance, the diimide reduction of porphyrins in the presence of a stoichiometric 
excess of tosylhydrazide and base (the diimide is generated in situ from tosylhydrazide, 
base, and heat) or even in a melt of pure precursor stops at the tetrahydroporphyrin stage.7 
Isobacteriochlorins were generated by Raney-Ni/high pressure H2 of nickel chlorophylls.8 
Similarly, the reduction of nickel(II) and copper(II) complexes of octaethylisobacterio-
chlorin generates the corresponding metal(I) complexes but no further cathodic processes 
in their cyclic voltammograms were observed;9 they were also resistant to further π-frame-
work reductions by sodium amalgam.9 Only more aggressive reductions eventually lead 
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to the reduction of meso-positions, eventually leading to the formation of the leuco-form 
of the porphyrin, the porphyrinogens.10 
The 5,10,15,20-hexahydroporphyrin porphyrinogen, a precursor to porphyrins in many 
porphyrin forming reactions involving pyrroles or dipyrromethanes, can be in tautomeric 
equilibrium with its 7,8,12,13,17,18-hexahydro form, also known as pyrrocorphin 
(Figure 4-1).11 For the free base compounds, the equilibrium lies far on the side of the 
porphyrinogen; the nickel(II) complexes are primarily in the pyrrocorphin form.11-12  
The pyrrocorphins (next to a series of other hydroporphyrins and hydrocorrins) were 
discovered to be precursors in the biosynthesis of vitamin B12.11, 13 Therefore, the reactivity 
and conformation of the pyrrocorphins and their metal complexes, particularly with respect 
to their biomimetic rearrangement to tetradehydrocorrins, was the subject of numerous 
studies by the group of Eschenmoser,11, 12b, 12c, 14 including detailed structural investi-
gations of the nickel complexes of (hexa)hydroporphyrins.15 The diatropic ring currents of 
the nickel pyrrocorphins, as measured by 1H NMR spectroscopic shifts, were recorded by 
the group of Smith.16 The group of Stolzenberg also distinguished itself through a series 
of studies of the formation and redox chemistry of (multiple isomers of) octaethyl-tetra- 
and -hexa-hydroporphyrin metal complexes (such as 1Ni).9-10, 17 The exquisite sensitivity 
of the pyrrocorphins (as well as porphyrinogens and other hydrocorphins) toward oxidation 
distinguishes these systems from the much more robust chlorins, bacteriochlorins, and 
isobacteriochlorins. 
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Figure 4-2. Previously reported pyrrocorphins 
However, and bucking the general trends delineated above, sporadic occurrences of 
chemically stable tris-β,β’-derivatized systems by ‘reductions’ of porphyrins were reported, 
reaching back more than 50 years.18 Likely the oldest example is the octaethyltrioxo-
system 2 (made by H2SO4/H2O2 oxidation of octaethylporphyrin);18 other examples include 
hexahydroporphyrin nickel complexes 3/3Ni (made by 1,3-dipolar cycloadditions azo-
methine ylides to meso-tetrakis(C6F5)porphyrin (followed by nickel insertion for 3Ni),19 and 
the tetrahydroporpholactone 4 (made by Woollin’s reagent/PhMeSiH reduction of the 
corresponding porpholactone).20 Irrespective of their intriguing connectivities, these pyro-
corphins did not become subjects of systematic investigations to understand their 
electronic and solid state structures, their tautomeric equilibria, regiochemistry, etc. 
We, and others, introduced a number of complementary syntheses of meso-aryl-
porpholactones,21 -bacteriodilactones,22 and –isobacteriodilactones.23 Porpholactones are 
a particularly useful class of pyrrole-modified porphyrins in which a pyrrolic β,β’-bond of a 
porphyrin was, as the result of an oxidative transformation of the corresponding porphyrin 
or chlorins, replaced by a lactone moiety.21 We will expand here the concept of the direct 
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and step-wise oxidative transformations of (hydro)porphyrin precursors to a systematic 
study of the accessibility of pyrrocorphinotrilactones, including their structural characteri-
zation. We will discuss the regiochemical outcomes observed, and compare and contrast 
the optical and structural parameters of pyrrocorphinotrilactones to those of their tris-
pyrrole-modified precursors and known pyrrocorphins (such as 3) or pyrrocorphin-
analogues (such as 2 and 4).  
Thus, this study contributes to the understanding of the hexahydroporphyrins (pyro-
corphins), further delineates the electronic influence and role of the lactone moiety on the 
electronic structure of the β,β’-lactone-based porphyrinoid analogues, and it presents a 
number of examples of reactions that are suited to overcome the natural tendency of the 
porphyrinoids to resist further β,β’-bond modifications of the tetrahydroporphyrins. 
4.1 Results and Discussion 
4.1.1 Synthesis of Hexahydroxypyrrocorphin 6 
Reaction of a CHCl3 solution of meso-tetrakis(pentafluorophenyl)porphyrin 5 with one 
or two equiv of OsO4 in the presence of pyridine, followed by NaHSO3-mediated reduction 
of the osmate esters formed, generates dihydroxychlorin 10 and tetrahydroxybacterio-
chlorin 7, respectively (see also Chapters 2 and 3).2, 24 When using a four-fold 
stoichiometric excess of OsO4 and followed by reduction under the same conditions, the 
formation of two products was observed: The well-known green colored bacteriochlorin 
(mostly 7-Z isomer, 50% isolated yield)  and a new, more polar, blood-red colored 
compound 6, in 30-40% yield (Scheme 4-1). HR-MS (ESI+, TOF) of 6 showed it to possess 
a mass corresponding to C44H17F20N4O6 (for [M+H]+), i.e., the composition expected for 
the addition of six hydroxy groups to the starting porphyrin 5. 
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Scheme 4-1. Dihydroxylation of TFPP 5 with excess of of OsO4  
The optical properties of 6 resemble a porphyrinic π-aromatic system (Figure 4-3), 
including the presence of a Soret-like band and multiple Q-bands, but with no significant 
absorption past 600 nm, not typical for free base porphyrins. All bands are broad and the 
Q-bands in particular are ill resolved, possibly indicating the presence of a 
conformationally flexible macrocycleand. Also, the Soret band has a more than an order 
of magnitude lower extinction coefficient than in a porphyrin.  
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The simple 1H NMR spectrum of 6 shows the presence of a single diastereomer of 
two-fold symmetry with multiple exchangeable OH and NH protons (Figure 4-4). All signals 
are high-field shifted compared to the signals recorded for tetrahydroxybacteriochlorin 7-Z. 
According to the peak integration, two signals in 1:2 ratio (at 5.1 and 4.9 ppm) can be 
assigned to pyrroline-hydrogens and one upfield shifted singlet (6.5 ppm) to a pyrrole 
β-hydrogen atom. Two signals assigned to N-H peaks are significantly downfield shifted 
(6.3, 5.7 ppm) compared to the usual position of these protons in 18π-aromatic 
porphyrinoids (cf. to the positon of the NH protons at -2 ppm in bacteriochlorin 7-E). The 
1H NMR peak pattern is also consistent with the assumption of a tris-dihydroxylated 
species.  
 
Figure 4-4. Comparison of the 1H NMR spectra of tetrahydroxybacterinchlorin 7-E (400 MHz, 
CDCl3) and of hexahydroxypyrrocorphin 6 (400 MHz, CD3CN). 
Triple dihydroxylation implies the formation of a pyrrocorphin chromophore. Indeed, 
the UV-vis properties of the proposed hexahydroxypyrrocorphin are similar to those of 
earlier examples of this chromophore class.19 The drastic paratropic shifts observed for all 
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proton signals in the 1H NMR spectrum of 6 when compared to the shifts of the 
corresponding tetrahydroxybacteriochlorins 7-E are an indication for the much reduced 
diatropic ring current. An increased conformational flexibility of the chromophore due to 
the reduction of three β,β’-double bonds is also expected.25 
Multiple stereoisomers could be expected to exist for a tris-dihydroxylated species: 
Relative to the plane of the macrocycle, the cis-diol groups can be all pointing to the same 
hemisphere, i.e. North-North-North (a meso-compound), or be arranged North-South-
North (also a meso-compound), or finally North-North-South (a chiral compound, 
enantiomer is South-South-North). Since we have shown in Chapter 3 that two adjacent 
cis-diol moieties strongly prefer to point to opposite hemispheres (i.e., the osmylation of 
adjacent pyrroles is taking place stereoselectively in an E configuration), only the North-
South-North isomer fulfills this requirement. Indeed, the 1H and 19F NMR spectra of 6 are 
commensurate with this prediction.  
The summary of the spectroscopic evidence allows us to conclude that compound 6 
can be assigned the hexahydroxypyrrocorphin structure shown, forming another example 
of this rare class of porphyrinoids. The assignment of the pyrrocorphin chromophore 
structure is also supported by the structures of down-stream products. Remarkably, this 
hexahydroxypyrrocorphin is chemically robust (stable under ambient conditions and to 
regular silica gel chromatography under air). We also see no indications for a 
tautomerization of this compound to the corresponding porphyrinogen form (Figure 4-1).  
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4.1.2 Dihydroxylation of Diporpholactones 
Bacteriodilactones isomers 0Ǝ0Ǝ and 0E0Ǝ& were synthesized as a mixture (in a 1.4:1 
ratio) by CrO3-mediated oxidation of tetrahydroxybacteriochlorin 7. This methodology is 
an alternative to the synthesis of these compounds described in Chapter 3 (named 32,13 
and 32,12 in Chapter 3, respectively). Once we had efficient access to the two isomeric 
bacteriodilactones,  we tested their susceptibility to further modifications. Reaction of the 
bacteriodilactones with a six-fold stoichiometric excess of OsO4 (in CHCl3, in the presence 
of 40% pyridine) led to a 99% conversion of the starting material and the formation two 
main products, one pink product 8 and one blue product 9 (Scheme 4-2).  
The UV-vis spectra of the two compounds (8 and 9) are similar, resemble that of a 
π-aromatic porphyrinic systems, and are ~27 nm blue shifted compared to the spectra of 
the bacteriodiactone starting materials (Figure 4-5). The Soret band is broader and 
extinction coefficient is significantly lower than a bacteriodiactones, but significantly higher 
than in hexahyroxypyrrocorphine 6 (Figure 4-3). Q-bands are also better resolved 
compaired to those of hexahyroxypyrrocorphine 6. 
                                               
& The traditional sequential numbering system for the compounds to label the many different 
stereo-and regioisomers possible for the di-, tri, and tetralactones without difficulty is inadequate. 
We thus like to suggest the following system that abstracts all the structural information of these 
porphyrinoid classes: A 0 stands for an unaltered pyrrole, either E or Ǝ indicate a oxazolidone 
moiety, with their lactone moieties in one or the other orientation. By arbitrary choice, the 2-oxo-3-
oxa-orientation was chosen to be represented by E. Thus, a porphyrin is 0000, a monoporpho-
lactone 0E00, one of the bacteriodilactone isomers is 0E0Ǝ, and so on. The begin of a sequence 
in which the building blocks are described is, in principle, irrelevant: 0E0Ǝ = Ǝ0E0 = 0Ǝ0E, etc. For 
simplicity, it is convenient to list the four building blocks in clockwise fashion, beginning with the top 
left-most pyrrole. Neighboring pairs provide important information: A ƎE pair indicates that two 
lactone ketone group face each other at adjacent building blocks, for example. The enantiomer of 
0E0Ǝ is 0Ǝ0E. 
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Figure 4-5. UV-vis spectra (CH2Cl2) of the compounds indicated. 
Nature of both products as osmate esters were deduced by 1H NMR spectroscopy. In 
particular, the diagnostic signals for the pyridines coordinated to the osmate esters in 
aromatic region at 7.4-8.6 ppm could clearly be made out, also showing diagnostic details 
in their coupling patterns commensurate with their assignment (doublet, triplet and triplet 
in 1:2:2 ratio). Based on the 1H NMR peak integration, the number of pyridines that 
coordinated to the osmate esters were in compound 9 double that of the number observed 
in compound 8. The presence of the regioisomers in the starting material (0Ǝ0Ǝ and 0E0Ǝ) 
was retained in the two products. This could be clearly seen in the number, pattern (singlet 
at 7.3 ppm, product derived from 0E0Ǝ; doublet at 7.5 ppm for product derived from 0Ǝ0Ǝ) 
for the 1H NMR signal attributed to the sole pyrrole-type β,β’-bond present in the products. 
On account of their peak intergrations, the product ratio stemming from 0E0Ǝ: stemming 
from 0Ǝ0Ǝ was found to be 3:1 for 8 and 2:1 for 9. No further low-field protons signals for 
8 are observed, suggesting it is the monoosmate ester show, a proposition confirmed by 
single crystal X-ray diffractometry (Figure 4-6). 
An additional two peaks were observed in the same 3:1 ratio only for compound 8: 
One doublet at 6.1 ppm and a doublet of doublet at 6.3 ppm, likely for pyrrolidine protons 
formed after dihydroxylation of third pyrrole in the bacteriodilactones. Absence of 
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pyrrolidine type protons and the presence of more pyridine protons in compound 9 led us 
to believe that two osmate esters were attached on the same β,β’-carbons, thus forming 
bisosmate ester 9, a hypothesis proven by single crystal X-ray diffractometry (Figure 4-6). 
This is the first observation of this bisosmate motiv resulting from the oxidation of a double 
bond. It is generally observed by bis-addition of OsO4 to a triple bond.26 
Like for the other osmate esters, no ionization technique could be found for either 
compounds 8 or 9 that delivered mass spectra showing the parent species or readily 
interpretable fragment ions, but we were able to grow crystals suitable for single crystal 
X-ray analysis (Figure 4-6).  
 
Scheme 4-2. Dihyroxylation of bisporpholactones with excess of OsO4 
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Figure 4-6. Stick representation of oblique (top row) and side (bottom row) views of the X-ray 
single crystal structures of (A) pyrrocorphindilactone osmate ester 8 and (B) 
pyrrocorphinndilactone bisosmate ester 9. Arrow indicates view direction in the front view. Only 
the majority isomer shown; all disorder, all hydrogen atoms bonded pyridines of the osmate 
esters, and solvents (if present) removed for clarity. 
In summary, dihydroxylation of the two bacteriodilactone isomers formed 
dihydroxypyrrocorphindilactone osmate ester 8 and its tetrahydroxypyrrocorphindilactone 
bisosmate ester 9, novel pyrrocorphine analogues. Both of them are planar and showed 
a much higher degree of π-aromatic character compared to the hexahydroxypyrrocorphins 
6. The fourth pyrrole remained intact, even when subjection the dilactones to a 10-fold 
stoichiometric excess of OsO4. 
4.1.3 Stepwise Syntheses of Pyrrocorphinotrilactones 
Reaction of bacteriobislactones (0Ǝ0Ǝ+0E0Ǝ) with ten-fold stoichiometric excess of 
cetylMe3N+MnO4– generated a green colored product in moderate yield (Scheme 4-3). The 
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initial product was extremely polar but upon treatment with 10%TFA/CH2Cl2 solution 
turned it into a less polar purple color compound that was isolated and purified by 
chromatography to reveal two similar fractions. The chemical composition of both was 
determined by HR-MS to correspond to the composition C41H3F20N4O6 (for [M–H]–). In 
essence, one carbon atom was lost and two oxygen atoms were added to the composition 
of the starting material. This change in composition is typical for the conversion of a pyrrole 
to a oxazolidone. Thus, the composition of the products suggested the formation of a 
trilactone, the lactone analogue to the pyrrocorphins. In addition, the IR provided also 
diagnostic signals in the range for the carbonyl stretching frequency, suggesting the 
presence of lactone functionalities. 
 
Scheme 4-3. Synthetic pathways toward the stepwise syntheses of pyrrocorphintrilactones 
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The optical properties of the trilactones are somewhat reminiscent of chlorins, 
exhibiting well defined Soret and Q-bands (Figure 4-7). Four possible regioisomers would 
be expected for trilactones (Scheme 4-3). Bacteriobislactones and isobacteriobislactone 
regioisomers are known to show different optical properties (Chapter 3). Analogously, the 
two trilactone products synthesized also exhibit unique optical properties. The blue colored 
compound (mixture of 0EEE and 0EƎE) is nearly 60 nm (lmax ~ 700 nm) red-shifted 
compared to the purple colored compound 0EƎƎ. The separation of the isomers could not 
be achieved using HPLC or preparative TLC plates because the compounds showed 
extensive tailing on silica.  
 
Figure 4-7. UV-vis spectra (CH2Cl2) of the compounds indicated; (three isomers of the 
trilactones) 
However, the separation of the isomers was partially accomplished by flash column 
chromatography (silica-20% hexanes/CH2Cl2), resulting in a major purple product (0EƎƎ) 
and a minor blue fraction (0EEE and 0EƎE) as an inseperable mixture of two species. 
Both trilactone fractions were characterized by well-separated signals in their 1H NMR 
spectra, two identified to belong to β-H atoms and D2O exchangeable N-H protons signals. 
The β-protons signals appeared in the range of 7.7-8.3 ppm and inner NH peaks at 1 ppm 
for all the regioisomers. Based on 1H NMR analysis, compound 0EƎƎ is regioisomerically 
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pure and the other product (0EEE and 0EƎE) is a mixture of two compounds in a 2:1 ratio. 
The regioisomers exhibit significantly varying proton NMR shifts: The inner N-H of 0EƎƎ 
(4.0 ppm), for example, are more downfield shifted compared to isomer 0EEE/0EƎE (1-
1.4 ppm). However, due to the dearth of diagnostic hydrogen signals in these compounds, 
we were not able to unambiguously identify the isomers from each other. Based on all 
spectroscopic and analytical data, no evidences was found for the formation of the 
theoretically possible fourth regioisomer 0ƎƎE (Scheme 4-3). 
The two fractions could be crystallized, forming crystals suitable for single crystal X-
ray diffraction analysis. This provided the final proof for their trilactone structures. The 
major product proved to be the isomer 0EƎƎ. The isomer mixture crystallized also as a 
mixture but the X-ray analysis was able to distinguish of the two isomers, but the structure 
was sufficiently resolved to distinguish one isomer from the other. Based on these findings, 
the mixture was assigned to be a 2:1 mixture of the isomers 0EEE and 0EƎE. All trilactone 
isomers possess essentially planar macrocycles. 
 
Figure 4-8. Stick representation of top (top row) and side (bottom row) views of the X-ray single 
crystal structures of the pyrrocorphintrilactone isomers indicated. Arrow indicates view direction in 
the front view. All meso-substituents removed in side view; all disorder, all hydrogen atoms and 
solvents (if present) removed for clarity. 
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Three carbonyl signals were observed in the 13C NMR for the pure isomer 0EƎƎ, two 
carbonyl carbons out of three are slightly downfield shifted (163.0, 163.2 and 158.9 ppm).   
These products could also be obtained along complementary pathways, further 
supporting this connectivity assignment for trilactones (Scheme 4-3). For instance, a 
similar oxidative conversion was observed when using the dihydroxyosmate esters of 
bacteriobislactones (8 & 9) as the starting materials for the oxidation. Also two fractions 
were formed, but in slightly different ratios. The isomer 0EƎƎ was formed in 50% isolated 
yield and 2:1 mixture of 0EEE and 0EƎE formed in 15% isolated yield. Direct oxidation of 
bacteriobislactones (0Ǝ0Ǝ and 0E0Ǝ) or oxidation of hexahydroxypyrrocorphin 6 (used as 
it’s osmate ester precursor for the reaction) also provided access to these two product 
fractions; forming 0EƎƎ in 40% and 2:1 mixture of 0EEE and 0EƎE in 10% isolated yields. 
Planar bacteriochlorins are less basic than chlorins and porphyrins. This indicates that 
the intrinsic electronic effects of the π-system override the expected increase in basicity 
of the hydroporphyrins because of their increased conformational flexibility (allowing a 
more facile exposure of the imine nitrogens to the environment). In addition, increasing 
degrees of the replacements of β-CH=CH groups by (C=O)O functionalities significantly 
decreases the basicity of the inner imine-type nitrogen atoms. Porpholactones have been 
shown to possess reduced basicity due to the electron-withdrawing effect of the 
β-substituted oxygens atoms.27 Consequently, pyrrocorphintrilactones are extremely inert 
and stable in acidic medium. Protonation of inner nitrogen atoms was not observed even 
in 10% (v/v) TFA/CH2Cl2 solution (see Experimental Section). However, compounds were 
immediately responding to bases, such as triethylamine, and turned immediately green 
upon exposure to bases (lsoret ~20 nm red-shifted and lmax blue-shifted). 
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In summary, the spectroscopic evidence allows us to conclude that compound 0EƎƎ, 
0EEE and 0EƎE can be assigned the pyrrocorphintrilactone structure shown, example of 
very stable pyrrocorphine analogue. Interestingly, three out of four expected 
pyrrocorphintrilactone regioisomers were formed in unequal quantities; each isomer 
exhibits unique optical properties. Regioisomers were assigned using single X-ray crystal 
analysis and 0EƎƎ was isolated in isomerically pure form while other two (0EEE and 
0EƎE) were isolated and characterized as a mixture. 
4.1.4 1H NMR Comparison of Pyrrocorphins 
All the pyrrocorphins described above resemble, based on their UV-vis spectra, p-
aromatic porphyrinoids, despite bearing a non-traditional π conjugation pathway. 
Nevertheless, the unshared electron pair available on pyrrolidine nitrogen is anticipated to 
conjugate with 16π electrons to maintain the 18 p-aromatic characteristics of 
pyrrocorphines. On account of their diagnostic signals in the 1H NMR spectra, compounds 
showed different degree of aromatic ring current. With regards to the diatropic ring current 
effect on inner N-H protons, hexahydroxypyrrocorphin 6 exhibited the lowest aromatic 
character (Figure 4-4). The 1H NMR spectrum of the hexahydroxypyrrocorphin 6 showed 
the presence of an asymmetric sharp signals downfield at ~5.7 and 6.3 ppm that is 
exchangeable with D2O, as well as β-proton of pyrrole at 6.6 ppm; most likely resulting 
from the conformational flexibility of chromophore, a conclusion that is also backed by the 
broad peaks present in its UV-vis spectrum. Whereas, conformationally less flexible 
dihydroxylated bacteriobislactones 8 and 9 showed slightly upfield shifted diagnostic 
exchangeable inner N-H peaks in the 1H NMR spectrum (5.1, 6.1 ppm and 3.1, 3.5 ppm 
for isomer 0E0Ǝ and 0Ǝ0Ǝ respectively). The pyrrolic β-H signals are slightly downfield 
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shifted, at 7.3 ppm and 7.6-7.7 ppm for isomer 0E0Ǝ and 0Ǝ0Ǝ, respectively, compared 
to the corresponding signals of 6 (Figure 4-9). 
 
Figure 4-9. 1H NMR spectra (400 MHz, CDCl3) of the compounds indicated. 
Introduction of one more lactone moiety to the chromophore, thereby forming 
pyrrocorphinotrilactones, showed a surprisingly strong diatropic ring current (Figure 4-9). 
Diagnostics D2O exchangeable 1H NMR peaks are significantly upfield shifted (isomer 
0EƎƎ at 4.0, 3.9 ppm and 0EEE/0EƎE at 1-1.4 ppm), while the pyrrolic β-protons are 
downfield shifted (isomer 0EƎƎ at 7.7, 7.8 ppm and 0EEE/0EƎE 8.2-8.3 ppm). Possibly 
this is an effect of the conformational rigidity to lactone moieties on the β-positions 
introduce to the macrocyle; this allows the preservation of the planarity of the 
chromophore, resulting in an effective p-aromatic conjugation via lone pair of pyrrolidine 
nitrogen atom. The chemically robust nature of trilactones as compared to other 
pyrrocorphins can likely be attributed to its higher degree of aromaticity. 
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4.1.5 Synthesis of pyrrocorphintrilactones by the direct oxidation of meso-(C6F5)-
porphyrin 5. 
 
Scheme 4-4. Direct oxidation of meso-tetrakis(pentafluorophenyl)porphyrin 5 
Application of the standard CTAP oxidation protocol to meso-tetrakis(pentafluoro-
phenyl)porphyrin 5 generated the mono- (0E00), isobacteriochlorinbislactones (0EƎ0, 
0ƎƎ0, 0ƎE0), dihydroxychlorin 10 and tetrahydroxyisobacteriochlorin 11 in different 
quantities as previously described (Chapter 3). Considerable amounts of high-polar green 
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fractions were also formed, along with the reaction and it was later characterized as 
pyrrocorphintrilactone (Scheme 4-4). All three isomers that we observed in the step-wise 
synthesis were also isolated under the direct oxidation conditions, but – as expected – in 
lower yields than along the directed pathways (0EƎƎ formed in ~10% yield and 2:1 mixture 
of 0EEE and 0EƎE formed in ~4% yield). 
4.1.6 The Observation of an Unusual Porphyrin Ring Opening Product 
In addition to the compounds shown in Scheme 4-4, we were also able to isolate a 
blue-colored compound 12 in less than <5% yield. The HR-MS showed a mass 
corresponding to the addition of two oxygen atoms and loss of three carbon atoms to the 
starting porphyrin (C44H11F20N4O2 [M+H]+). Its UV-vis spectrum is, with its characteristics 
two broad bands, biliverdin-like (Figure 4-10), reflecting the presence of a conjugated but 
non- aromatic chromophore. 
 
Figure 4-10. UV-vis spectrum (CH2Cl2) of the compound 12 
Biliverdin IX-a 13 is a naturally occurring linear tetrapyrrolic product formed by the 
enzymatic oxidative ring cleavage of heme at a specific meso-position between the pyrrole 
rings (see also section 1.3.1.3 in Chapter 1). This type of ring cleavage is also observed 
in a number of synthetic porphyrin derivatives, For example, the metal complexes of meso-
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amino-octaethylporphyrin undergoes rapid oxidative ring-opening reactions at the meso-
carbon to form biliverdins such as a-esterbiliverdin 14 or a-cyanobiliverdin 15 (Figure 4-
11).29 However, the loss of three carbon atoms in 12 indicated clearly that more than a 
cleavage between the pyrrole moieties with concomitant loss of the meso-carbon had 
taken place, and is already suggestive that a pyrrole degradation reaction (with or without 
the loss of a meso-carbon) could be expected. 
 
Figure 4-11. Ring-opening pathways of octaethylporphyrinato metal complexes producing bilins 
that retain the meso-carbon at the cleavage site. 
The 1H NMR spectrum of compound 12 showed the presence of an asymmetric 
product with six β-protons (6.3-6.8 ppm) and a sharp upfield signal at ~5.1 ppm that is 
exchangeable with D2O (assigned to be an amide NH), as well as a pair of exchangeable 
protons at 12.3 and 12.0 ppm (pyrrole NH).  
The structure of the compound could be solved using single crystal X-ray 
diffractometry (Figure 4-12). Like other biliverdins, this compound adopts an overall 
helimeric conformation. All the reported biliverdin-type tetrapyrrolic systems generally 
carry oxo-functionalities at the cleavage positions, and the meso-carbon is lost. However, 
this was not the case for biliverdin-like tripyrrolic compound 12. Here, the ring cleavage 
has taken place at one of the pyrrole unit while all four meso-carbons are intact and three 
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carbon atoms lost including β,β’ carbons. The origin of the imide NH is expected to be 
nitrogen atom of the broken-up pyrrole. 
 
Figure 4-12. Stick representation of top (top row) and side (bottom row) views of the X-ray single 
crystal structure of tripyrrin 12. Arrow indicates view direction in the front view. All meso-
substituents removed in front view; only one of the two independent molecules in the unit cell 
shown; all disorder and solvents removed for clarity 
The mechanism for the formation of ring-open product can not be fully rationalized. 
However, several potential plausible pathways to its formation can be proposed: First, the 
compound is believed to be an ‘over-oxidation’ product, but the absence of pyrrolidine 
moieties suggests that the precursor of 12 is dihydroxychlorin 10 or porpholactone 000E 
(Scheme 4-5). Second, it is also possible to form the tripyrrin 12 as a result of an abnormal 
dihydroxylation of porphyrin. Typically, the first dihydroxylation of a porphyrin is taking 
place at a β,β’-double bond, forming a chlorin. However, if the dihydroxylation is taken 
place at one or two α,β-bond(s), it leads to the hypothetical compound 16 (Scheme 4-5). 
This is then possibly leading to an oxidative ring opening reaction, eventually forming 12. 
Since tripyrrin 12 forms only in traces, its definitive route of formation remains speculative. 
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Scheme 4-5. Proposed routes for the formation of oxidative cleavage products 12 
4.2 Conclusions  
In conclusions, a facile OsO4-mediated oxidation of TFPP (5) is presented that readily 
overcomes the natural tendency of the porphyrinoids to resist β,β’-bond modifications 
beyond the oxidation stage of the tetrahydroporphyrins. The stereochemically unique 
hexahydroxypyrrocorphin formed is a chemically robust pyrrocorphyrin stable in the pyro-
corphin tautomeric form. The conversion of three out of the four possible pyrrocorphino-
trilactone isomers is facile. Thus, we have firstly shown that our ‘porphyrin breaking and 
mending’ approach toward pyrrole-modified porphyrin analogues containing non-pyrrolic 
heterocycles can be expanded toward the synthesis of tris-modified systems. The planar 
pyrrocorphinotrilactones show a surprisingly strong diatropic macrocycle ring current. This 
study contributes to the understanding of the pyrrocorphins) and further delineates the 
electronic influence of the lactone moiety on the electronic structure of oxazolidone-based 
porphyrinoids. Now that they have become available, the broad synthetic and practical 
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utility of the porpholactones, and related chromophores, will likely extend to the trilactones. 
Moreover, we found a unique ‘over-oxidation’ product, tripyrrin 12, that was deduced to 
have resulted from the unusual oxidative degradation of a pyrrolic building block, whereby 
all biological and synthetic porphyrin degradation pathways involved macrocycle cleavage 
at positions involving the bonds between the pyrrolic building blocks. 
4.3 Experimental Section 
4.3.1 Instruments and Materials 
CAUTION: OsO4 is a highly toxic, volatile solid that must be handled exclusively under 
a well-ventilated fume hood. Particular hazards are inhalation and exposure of the eye to 
OsO4 fumes. Personal protective equipment (nitrile gloves, lab coat and safety goggles) 
are required. Reactions were frequently scaled such that the contents of an entire OsO4 
ampule could be used all at once; the ampule was broken open (leather gloves over the 
nitrile gloves) and cap and ampule were immediately dumped into the reaction flask 
containing all other solvents and reactants; the glass was retrieved by filtration or with 
pincers before the solvent was removed by rotary evaporation. When less than the 
contents of an entire OsO4 ampule was required, the OsO4 was dissolved in distilled 
pyridine in a volumetric flask, well-sealed, stored cold, and used up within days. Wastes 
that might contain unreacted OsO4 were treated with NaHSO3 before disposal. 
Computations. All structures were optimized with the Becke, three-parameter, Lee-
Yang-Parr (B3LYP) hybrid functional, a 6-31g(d) basis set, and an ultrafine grid for 
integration, as implemented in Gaussian 09 revision D.01.27 Frequency calculations were 
performed for each molecule; we confirmed that local minima were obtained. Ground and 
excited state energies and dipole moments, as well as time-dependent density functional 
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theory (TD-DFT) excitation energies, were calculated with the CAM-B3LYP/6-31+g(d) 
model chemistry for the already optimized structures. 
X-Ray Single Crystal Diffractometry. The crystallographic data for compounds xx 
(CCDC-xxxxx), xx (CCDC-xxxxx), xxxxx have been deposited with the Cambridge 
Crystallographic. These data can be obtained free of charge from The Cambridge 
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. 
4.3.2 Synthesis of meso-Tetrakis(pentafluorophenyl)-2,3-cis-7,8-cis-12,13-cis-
hexahydroxypyrrocorphin (6) 
meso-Tetrakis(pentafluorophenyl)porphyrin (5) (200 mg, 0.20  ´ 10−3 mol) was 
dissolved in CHCl3 (20 mL) in a 50 mL round-bottom flask equipped with a stir bar and 
freshly distilled pyridine (5 mL). The mixture was treated with 4 equiv of OsO4 (0.82  ´ 10−3 
mol; 5.2 mL of a stock solution of 1.0 g OsO4 dissolved in 25 mL of pyridine). (Caution: 
use gloves, eye protection, and fume hood!) The flask was stoppered, shielded from light 
with aluminum foil, and stirred at ambient temperature. The disappearance of the starting 
material/appearance of the product was monitored by TLC and UV−vis spectroscopy. 
Once no further progress of the reaction was detectable (24 h), approximately 50% of the 
solvent was removed by rotary evaporation. A saturated solution of NaHSO3 in MeOH/H2O 
(1:1) (30 mL) was added to the crude reaction mixture, the flask was stoppered and 
wrapped in aluminum foil, and the biphasic solution was vigorously stirred at ambient 
temperature for 24 h. Once no further progress of the reaction was detectable by TLC, the 
mixture was transferred into a 250 mL separatory funnel. After the addition of CH2Cl2 
(∼50 mL), the organic fraction was separated and filtered through a short plug of 
diatomaceous earth (Celite). The solvent was then removed to dryness by rotary 
evaporation. A gentle stream of N2 for several hours ensured that the crude material was 
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thoroughly dried before it was purified via flash chromatography (silica−CH2Cl2/1.0% 
MeOH). The lowest polarity material was meso-tetrakis(pentafluorophenyl)-2,3-cis-12,13-
cis-tetrahydroxybacteriochlorin (45%), and the second major fraction 6 was isolated in 30-
40% yield as a red color solid. 7 Rf (2% methanol/CH2Cl2) = 0.22; 1H NMR (400 MHz, 
CD3CN, δ): 6.65 (d, J = 2.3 Hz, 1H, sp2-b), 6.31 (s, 1H, NH), 5.75 (s, 1H, NH), 5.12 (d, J = 
5.7 Hz, 1H, sp3-b), 4.93-4.87 (overlapped d, 2H, sp3-b), 3.92 (d, J = 6.1 Hz, 1H, OH), 3.73 
(d, J = 6.5 Hz, 1H, OH), 3.59 (d, J = 6.5 Hz, 1H, OH) ppm; 19F NMR (376 MHz, CD3OD, 
δ): -138.2 (dd, J = 23.18 Hz, 7.56 Hz, 1F, o-F), -139.9 (overlapped dd, J = 23.62, 7.33 Hz, 
2F, o-F), -144.2 (dd, J = 23.35, 7.58 Hz, 1F, o-F), -158.8 (t, J = 20.01 Hz, 1F, p-F), -159.1 
(t, J = 20.08 Hz, 1F, p-F), -166.1 (overlapping dd, J = 21.23, 10.70 Hz, 2F, m-F), -166.7 
(overlapping dd, J = 21.23, 10.70 Hz, 2F, m-F) ppm; 13C NMR (101 MHz, CD3OD, δ): 
171.1, 152.4, 150.3, 147.5, 147.1, 145.9, 145.1, 144.7, 143.6, 142.5, 140.0, 138.8, 136.2, 
131.7, 127.4, 114.7, 114.5, 114.3, 113.50, 113.34, 113.1, 105.4, 94.2, 76.8, 73.95, 73.81, 
70.98, 70.89, 70.86, 70.83, 69.90, 69.74, 69.70, 69.67, 69.64 ppm; UV-vis (CH3OH) λmax, 
(log ε):  360.4 (4.78), 464.5 (3.84), 491.7 (3.90), 529.2 (3.84) nm; fluorescence emission 
(λexcitation = λSoret) (CH3OH) λmax: 583.3 nm; Φ =0.79; HR-MS (ESI-, 100% CH3CN, TOF): 
calculated for C44H17F20N4O6 [M+H]+ 1077.0823, found 1077.0780. 
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Figure 4-13. UV-vis (solid red trace) and fluorescence (solid purple trace) spectra of 6 (CH3OH); 
λexcitation = λSoret 
 
 
Figure 4-14. 1H NMR (400 MHz, CD3CN, 25 °C) spectrum of compound 6 
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Figure 4-15. D2O exchange 1H NMR (400 MHz, CD3CN, 25 °C) of compound 6, black solid trace 
before D2O, red solid trace after D2O exchange 
 
 
 
Figure 4-16. 19F NMR (376 MHz, CD3OD, 25 °C) spectrum of compound 6 
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Figure 4-17 13C NMR (100 MHz, CD3OD, 25 °C) of compound 6 
 
4.3.3 Mixture of meso-Tetrakis(pentafluorophenyl)-dioxa-dioxopyrrocorphin-7,8-
cis-dihydroxy osmate ester 8 and meso-Tetrakis(pentafluorophenyl)-dioxadioxo-
pyrrocorphin-7,7,8,8-bis-cis-dihydroxy osmate ester 9.  
meso-Tetrakis(pentafluorophenyl)-bisporpholactone 0E0Ǝ:0Ǝ0Ǝ (1.4:1) (50.00 mg, 
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shielded from light with aluminum foil, and stirred at ambient temperature. The 
disappearance of the starting material/appearance of the product was monitored by TLC 
and UV−vis spectroscopy. Once no further progress of the reaction was detectable (24 h), 
the solvent was removed by rotary evaporation. A gentle stream of N2 for several hours 
ensured that the crude material was thoroughly dried before it was purified via flash 
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chromatography (silica cartridge−CH2Cl2/1.0% MeOH). The lowest polarity material 0E0Ǝ 
+ 0Ǝ0Ǝ isolated in 16-20% yield as s pink color solid, and 8 (0E0Ǝ:0Ǝ0Ǝ (2:1) mixture of 
isomers) was isolated in 21-25% yield as a blue color solid. 9 (0E0Ǝ:0Ǝ0Ǝ (3:1) mixture of 
isomers). 8 (0E0Ǝ:0Ǝ0Ǝ (2:1) mixture of isomers): Rf (5% methanol/CH2Cl2) = 0.89; 1H 
NMR (400 MHz, CDCl3, δ): 8.61 (d, J = 5.3 Hz, 4H, o-py (0Ǝ0Ǝ)), 8.57 (d, J = 5.2 Hz, 4H, 
o-py (0E0Ǝ)), 7.98 to 7.94 (overlapped t, 2H, p-py (0E0Ǝ + 0Ǝ0Ǝ)), 7.66 (d, J = 0.7 Hz, 1H, 
sp2-b (0Ǝ0Ǝ)), 7.62 (d, J = 0.7 Hz, 1H, sp2-b (0Ǝ0Ǝ)), 7.49 (overlapped dt, J = 12.6, 6.5 Hz, 
4H, m-py (0E0Ǝ + 0Ǝ0Ǝ)), 7.29 (s, 2H, sp2-b (0E0Ǝ)), 6.35 (d, J = 6.9 Hz, 1H, sp3-b (0Ǝ0Ǝ)), 
6.29 (d, J = 6.9 Hz, 1H, sp3-b (0Ǝ0Ǝ)), 6.11 (s, 1H, NH (0E0Ǝ)), 6.10 (s, 2H, sp3-b (0E0Ǝ)), 
5.11 (s, 1H, NH (0E0Ǝ)), 3.64 (s, 1H, NH (0Ǝ0Ǝ)), 3.11 (s, 1H, NH (0Ǝ0Ǝ)) ppm; 19F NMR 
(376 MHz; CDCl3, δ): -135.42 (dd, J = 24.10, 6.59 Hz, 1F, o-F (0Ǝ0Ǝ)), -135.55 (dd, J = 
24.10, 6.59 Hz, 2F, o-F (0E0Ǝ)), -136.3 (dd, J = 24.10, 6.59 Hz, 1F, o-F (0Ǝ0Ǝ)),  -137.33 
to -137.45 (overlapped dd, J = 24.10, 6.59 Hz, 2F, o-F (0Ǝ0Ǝ)), -139.10 to -139.20 
(overlapped dd, J = 24.10, 6.59 Hz, 2F, o-F (0Ǝ0Ǝ)), -139.29 (overlapped dd, J = 22.96, 
7.76 Hz, 4F, o-F (0E0Ǝ)), -139.75 (overlapped dd, J = 23.71, 6.90 Hz, 2F, o-F 
(0E0Ǝ)), -139.94 (dd, J = 23.79, 6.86 Hz, 1F, o-F (0Ǝ0Ǝ)), -140.3 (dd, J = 23.80, 7.04 Hz, 
1F, o-F (trans)), -151.0 (t, J = 20.93 Hz, 2F, p-F (0Ǝ0Ǝ)), -151.56 to -151.70 (overlapped 
t, J = 20.95 Hz, 2F, p-F (0E0Ǝ)), -152.9 (t, J = 20.99 Hz, 2F, p-F (0E0Ǝ)), -153.2 (t, J = 
21.04 Hz, 2F, p-F (0Ǝ0Ǝ)), -160.68 to -160.98 (overlapped td, J = 22.45, 11.04 Hz, 2F, 
m-F (0Ǝ0Ǝ)), -161.08 to -161.74 (overlapped td, J = 21.96, 7.24 Hz, 6F, m-F (0E0Ǝ)), -
162.10 (td, J = 22.31, 6.74 Hz, 4F, m-F (0Ǝ0Ǝ)), -163.1 (td, J = 21.44, 7.18 Hz, 2F, m-F 
(0E0Ǝ), -164.0 (td, J = 21.80, 6.89 Hz, 2F, m-F (0Ǝ0Ǝ)) ppm; 13C NMR (101 MHz; CDCl3, 
δ): 164.5, 164.1, 159.0, 156.4, 154.2, 149.59, 149.52, 141.26, 141.17, 134.8, 134.33, 
134.28, 128.0, 125.6, 122.8, 121.58, 121.41, 112.0, 92.0, 91.5, 86.3, 70.2 ppm; UV-vis 
(CH2Cl2) λmax, (log ε):  388.9 (4.94), 485.2 (3.62), 514.8 (3.99), 553.7 (4.27), 579.6 (3.78), 
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624.1 (3.95) nm; fluorescence emission (λexcitation = λSoret) (CH2Cl2) λmax: 561, 605, 637 nm; 
Φ = 0.04. 
9 (0E0Ǝ:0Ǝ0Ǝ (2:1) mixture of isomers): Rf (5% methanol/CH2Cl2) = 0.48; 1H NMR (400 
MHz; CDCl3, δ): 8.79 to 8.75 (overlapped d, J = 8.75 Hz, 8H, o-py (0E0Ǝ + 0Ǝ0Ǝ)), 7.91 to 
7.87 (overlapped t, J = 7.38 Hz, 4H,  p-py (0E0Ǝ + 0Ǝ0Ǝ)), 7.66 (d, J = 1.86 Hz, 1H, sp2-b 
(0Ǝ0Ǝ)), 7.59 (d, J = 1.86 Hz, 1H, sp2-b (0Ǝ0Ǝ)), 7.47 to 7.42 (overlapped td, J = 6.37, 1.90 
Hz, 8H, m-py (0E0Ǝ + 0Ǝ0Ǝ)),  7.29 (s, 1H, sp2-b (0E0Ǝ)), 5.94 (s, 1H, NH (0E0Ǝ)), 5.00 (s, 
1H, NH (0E0Ǝ)), 3.46 (s, 1H, NH (0Ǝ0Ǝ)), 3.08 (s, 1H, NH (0Ǝ0Ǝ)) ppm; 19F NMR (376 
MHz; CDCl3, δ): -135.00 to -135.55 (dd, J = 24.09, 6.56 Hz, 2F, o-F (cis)), -135.74 (dd, J 
= 24.25, 6.41 Hz, 2F, o-F (0Ǝ0Ǝ)),  -137.41 (dd,  J = 22.43, 6.82 Hz, 2F, o-F 
(0Ǝ0Ǝ)), -139.25 (overlapped dd, J = 25.25, 6.68 Hz, 2F, o-F (0E0Ǝ)), -151.74 (t, J = 20.99 
Hz, 1F, p-F (0Ǝ0Ǝ)), -152.30 (overlapped t,  J = 21.00 Hz, 1F,  p-F (0E0Ǝ)), -154.68 (t, J = 
21.14 Hz, 1F, p-F (0E0Ǝ)), -155.20 (t, J = 21.09 Hz, 1F, p-F (0Ǝ0Ǝ)), -161.29 (td, J = 21.46, 
10.86 Hz, 2F, m-F (0Ǝ0Ǝ)), -161.59 to -161.90 (overlapped td, J = 21.96, 11.24 Hz, 2F, 
m-F (0E0Ǝ)), -165.41 (td, J = 21.90, 10.24 Hz, 2F, m-F (0E0Ǝ)), -166.04 (td, J = 20.90 Hz, 
2F,  m-F (0Ǝ0Ǝ)) ppm; 13C NMR (101 MHz; CDCl3, δ): 165.0, 164.6, 163.2, 159.6, 157.5, 
154.5, 152.9, 151.8, 150.4, 150.0, 142.4, 140.96, 140.92, 139.1, 136.63, 136.61, 135.6, 
134.5, 134.1, 133.8, 131.29, 131.18, 130.7, 128.1, 126.7, 125.41, 125.35, 122.2, 121.0, 
120.6, 110.5, 110.0, 109.4 ppm; UV-vis (CH2Cl2) λmax, (log ε):  385.6 (4.91), 486.1 (3.62), 
520.1 (3.95), 560.6 (4.20), 625.4 (4.0) nm. 
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4.3.3.1 Mixture of meso-Tetrakis(pentafluorophenyl)-2,13-dioxa-3,12-
dioxopyrrocorphin-7,8-cis-dihydroxy osmate ester (major product) and meso-
tetrakis(pentafluorophenyl)-2,12-dioxa-3,13-dioxopyrrocorphin-7,8-cis-dihydroxy 
osmate ester (minor product) 8. 
 
 
Figure 4-18. UV-vis (solid red trace) and fluorescence (green purple trace) spectra of 8 (CH2Cl2); 
λexcitation = λSoret 
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Figure 4-19. 1H NMR (400 MHz, CDCl3, 25 °C) spectrum of compound 8 
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Figure 4-20. D2O exchange 1H NMR (400 MHz, CDCl3, 25 °C) of compound 8, black solid trace 
before D2O, red solid trace after D2O exchange 
 
 
 
Figure 4-21. 19F NMR (376 MHz, CDCl3, 25 °C) spectrum of compound 8 
O
N
NH
O
N
HN
C6F5
C6F5
C6F5C6F5
O
O
O
Os
O
O
py
py
O
O
N
NH
O
N
HN
C6F5
C6F5
C6F5C6F5
O
O
O
Os
O
O
py
py
O
O
N
NH
O
N
HN
C6F5
C6F5
C6F5C6F5
O
O
O
Os
O
O
py
py
O
O
N
O
+
Chapter 4. Oxidative Conversions of Porphyrin to Pyrrocorphins and Pyrrocorphinlactones 
 
 
215 
 
Figure 4-22.13C NMR (100 MHz, CDCl3, 25 °C) of compound 8 
 
4.3.3.2 Mixture of meso-Tetrakis(pentafluorophenyl)-2,13-dioxa-3,12-dioxo-
pyrrocorphin-7,7,8,8-cis-bisdihydroxybis-osmate ester (major product) and 
meso-Tetrakis(pentafluorophenyl)-2,12-dioxa-3,13-dioxopyrrocorphin-7,7,8,8-cis-
bisdihydroxybis-osmate ester (minor product) 9. 
 
Figure 4-23. UV-vis (solid red trace) spectrum of 9 (CH2Cl2) 
O
N
NH
O
N
HN
C6F5
C6F5
C6F5C6F5
O
O
O
Os
O
O
py
py
O
O
N
O
+
OO
N
NH
O
N
HN
C6F5
C6F5
C6F5C6F5
O O
Os
O
O
py
py
O
O O
Os
O O
py py
O
N
O
+
Chapter 4. Oxidative Conversions of Porphyrin to Pyrrocorphins and Pyrrocorphinlactones 
 
 
216 
 
 
Figure 4-24.1H NMR (400 MHz, CDCl3, 25 °C) spectrum of compound 9 
 
Figure 4-25. D2O exchange 1H NMR (400 MHz, CDCl3, 25 °C) of compound 9, black solid trace 
before D2O, red solid trace after D2O exchange 
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Figure 4-26.19F NMR (376 MHz, CDCl3, 25 °C) spectrum of compound 9 
 
 
Figure 4-27. 13C NMR (100 MHz, CDCl3, 25 °C) of compound 9 
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4.3.4 meso-Tetrakis(pentafluorophenyl)pyrrocorphinlactones. 
Method 1 
meso-Tetrakis(pentafluorophenyl) porphyrin (5) (200.0 mg, 2.05 ´ 10−4 mol) was 
dissolved in a 50 mL round-bottom flask equipped with a stir bar in CH2Cl2 (50 mL). The 
mixture treated with ~10 equiv of cetyltrimethylamonium MnO4– (CTAP) (1g, 2.05  ´ 10-3 
mol). The flask was stoppered, shielded from light with aluminum foil, and stirred at 
ambient temperature. The disappearance of the starting material/appearance of the 
product was monitored by TLC. Upon consumption of the starting material (~20 min), the 
reaction mixture was passed through a short silica column. CH2Cl2 was passed through 
the column until products no more products are coming out and filtrate was collected to 
flask A (contain mono- and di-porpholactones; spectroscopic data as reported in chapter 
3). Then, 10% CH3OH/CH2Cl2 was passed through until the polar products were 
completely removed from the plug and collected into a separate flask (flask B).  The 
filtrates were condensed under reduces pressure. The flask B was redissolved in 10% 
trifluoroacetic acid/ CH2Cl2 (10 mL) and stirred about 5 min. Then solvent was condensed 
under vacuum and purified via flash chromatography (silica cartridge−CH2Cl2). Two 
fractions of trilactones were isolated; 10-15% purple color solid (0EƎƎ), and in 4-6% blue 
color solid (0EEE:0EƎE (2:1)). The polar fraction isolated from the column was further 
purified using preparative TLC (silica–1% methanol/CH2Cl2). Blue color ring open 
product (12) and partially oxidized products, green color dihydroxy chlorin (10) and pink 
color tetrahydroxyisobacteriochlorin (11) (spectroscopic data as reported previously 
chapter 3) were isolated in <5% yield each.  
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Method 2 
The reaction was conducted as described above in path 1 meso-
Tetrakis(pentafluorophenyl)-bisporpholactone (0E0Ǝ:0Ǝ0Ǝ (1.4:1)) as the starting 
materials. The bisporpholactone (0E0Ǝ+0Ǝ0Ǝ) (30.00 mg, 2.97 ´ 10−5 mol) was dissolved 
in a 50 mL round-bottom flask equipped with a stir bar in CH2Cl2 (15 mL). The mixture 
treated with 10 equiv of cetyltrimethylamonium MnO4- (CTAP) (120 mg, 2.97  ´ 10−4 mol). 
The flask was stoppered, shielded from light with aluminum foil, and stirred at ambient 
temperature. The disappearance of the starting material/appearance of the product was 
monitored by TLC. Upon consumption of the starting material (~20 min), the reaction 
mixture was filtered through a short silica plug and the filter cake was washed with a small 
amount of 10% CH3OH/CH2Cl2 until the green color product was completely removed. The 
filtrate was then condensed under vacuum. The product was dissolved in 10% 
trifluoroacetic acid/ CH2Cl2 (10 mL) and stirred about 5 min. Under this condition the 
isomer 0EƎƎ was isolated in 40% yield, and 0EEE:0EƎE (2:1) mixture of two isomers was 
isolated in 10% yield. 
Method 3  
The reaction was conducted under similar conditions (as described in path 2) using 
mixture (1:1) of meso-tetrakis(pentafluorophenyl)-dioxa-dioxopyrrocorphin-7,8-cis-
dihydroxy osmate ester (8) and meso-tetrakis(pentafluorophenyl)-dioxa-
dioxopyrrocorphin-7,7,8,8-bis-cis-dihydroxy osmate ester (9) as the starting materials. 
Under this condition the isomer 0EƎƎ was isolated in 50% yield, and 0EEE:0EƎE (2:1) 
mixture of two isomers was isolated in 15% yield. 
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Method 4 
The reaction was conducted under similar conditions (as described in path 2) using 
isomer mixture meso-Tetrakis(pentafluorophenyl)-2,3,7,8,12,13 hexahydroxypyro-
corphins osmate ester (6) of as the starting materials. Under this condition the isomer 
0EƎƎ was isolated in 40% yield, and 0EEE:0EƎE (2:1) mixture of two isomers was isolated 
in 10% yield. 
0EƎƎ: 1H NMR (400 MHz; CDCl3, δ): 7.82 (d, J = 2.3 Hz, 1H, b), 7.75 (d, J = 3.2 Hz, 1H, 
b), 4.00 (s, 1H, NH), 3.95 (s, 1H, NH) ppm; 19F NMR (376 MHz; CDCl3, δ): -136.9 (d, J = 
16.5 Hz, 2F, o-F), -137.9 (d, J = 11.8 Hz, 2F, o-F), -138.9 (overlapped dd, J = 23.71, 7.44 
Hz, 4F, o-F), -148.6 (t, J = 20.87 Hz, 1F, p-F), -149.1 (t, J = 20.97 Hz, 1F, p-F), -149.8 (t, 
J = 20.85 Hz, 1F, p-F), -150.1 (t, J = 20.74 Hz, 1F, p-F), -160.01 to -160.48 (overlapped 
td, 8F, m-F) ppm; 13C NMR (101 MHz; CDCl3, δ): 163.20, 163.10, 159.0, 157.3, 156.9, 
148.0, 146.7, 144.1, 139.4, 137.3, 136.8, 135.0, 129.5, 127.5, 125.3, 123.4, 122.0, 115.3, 
111.2, 109.25, 109.16, 104.7, 93.8, 31.4, 30.2, 29.7 ppm; UV-vis (CH2Cl2) λmax, (log ε):  
410.4 (4.95), 477.1 (3.60), 506.2 (3.88), 581.2 (3.95), 637.5 (4.22) nm; fluorescence 
emission (λexcitation = λSoret) (CH2Cl2) λmax: 652 nm; Φ = 0.33; IR (neat, diamond ATR) uC=O 
= 1777.37 cm-1; HR-MS (ESI-, 100% CH3CN, TOF): calculated for C41H3F20N4O6 [M-H]- 
1026.9733, found 1026.9732. 
0EEE:0EƎE (2:1): 1H NMR (400 MHz; CDCl3, δ): 8.37 (broad d, 1H, b (minor)), 8.31 
(broad d, 1H, b (major)), 8.29 (broad d, 1H, b (minor)), 8.23 (s, 1H, b (major)), 1.45 (s, 1H, 
NH (minor)), 1.12 (s, 1H, NH (major)), 1.02 (s, 1H, NH (minor)) ppm; 19F NMR (376 MHz; 
CDCl3, δ): -136.95 (dd, 1F, o-F), -137.09 (dd, J = 11.04, 6.32 Hz, 3F, o-F), -138.2 ((dd, J 
= 24.11, 6.24 Hz, 5F, o-F), -138.66 (dd, J = 22.20, 6.68 Hz, 1F, o-F), -138.83 (dd, J = 
22.02, 6.44, 2F, o-F), -139.6 (dd, J = 22.00, 6.68 Hz, 1F, o-F), -148.8 (t, J = 28.04 Hz, 2F, 
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p-F), -149.2 (t, J = 20.86 Hz, 1F, p-F), -149.5 (t, J = 20.61 Hz, 1F, p-F), -149.8 (t, J = 20.86 
Hz, 2F, p-F), -159.9 (overlapped td, 3F, m-F), -160.4 (overlapped td, 6F, m-F), -160.7 
(overlapped td, 3F, m-F), -161.0 (overlapped td, 1F, m-F) ppm; 13C NMR (101 MHz; CDCl3, 
δ): 163.69, 163.61, 162.34, 162.27, 158.00, 157.90, 157.5, 154.9, 152.6, 151.3, 146.9, 
146.11, 146.04, 144.4, 140.3, 139.4, 137.8, 136.9, 136.1, 135.91, 135.72, 131.0, 130.8, 
128.7, 127.7, 127.22, 127.02, 125.6, 125.3, 124.5, 123.4, 119.5, 118.4, 117.3, 112.1, 
107.6, 102.5, 97.9, 93.8, 93.1, 82.4, 68.1, 38.7, 31.9, 29.7, 23.7, 14.1 ppm; UV-vis 
(CH2Cl2) λmax, (log ε):  410.4 (5.37), 518.2 (4.54), 668.7 (4.60), 697.9 (4.56) nm; 
fluorescence emission (λexcitation = λSoret) (CH2Cl2) λ: 675, 706 nm; Φ = 0.28; IR (neat, 
diamond ATR) uC=O = 1771.11 cm-1; HR-MS (ESI-, 100% CH3CN, TOF): calculated for 
C41H5F20N4O6 [M+H]+ 1028.9884, found 1028.9896. 
12: Rf (CH2Cl2) = 0.50; 1H NMR (400 MHz; CDCl3, δ): 12.38 (s, 1H, NH), 12.04 (s, 1H, 
NH), 6.85 (d, J = 4.9 Hz, 1H, b), 6.71 (d, J = 4.5 Hz, 1H, b), 6.61 (d, J = 5.9 Hz, 1H, b), 
6.53 (overlapped d, J = 5.3 Hz, 2H, b), 6.32 (d, J = 4.0 Hz, 1H, b), 5.13 (s, 2H, amide NH); 
19F NMR (376 MHz; CDCl3, δ): -135.8 (dd, J = 23.80, 8.36 Hz, 2F, o-F), -137.1 (dd, J = 
21.92, 6.72 Hz, 2F, o-F), -137.6 (dd, J = 22.62, 6.58 Hz, 2F, o-F), -139.6 (dd, J = 22.30, 
7.07 Hz, 2F, o-F), -150.8 (t, J = 20.73 Hz, 1F,  p-F), -151.1 (t, J = 20.75 Hz, 1F, p-F), -151.3 
(t, J = 20.91 Hz, 1F, p-F), -152.1 (t, J = 21.05 Hz, 1F, p-F), -159.8 (overlapped td, J = 
22.52, 7.78 Hz, 4F, m-F), -160.3 (td, J = 22.52, 7.78 Hz, 2F, m-F), -160.6 (td, J = 22.04, 
6.99 Hz, 2F, m-F) ppm; 13C NMR (101 MHz; CDCl3, δ): 170.1, 166.8, 150.2, 137.0, 136.7, 
135.6, 130.8, 130.4, 129.8, 120.6, 118.6, 110.0, 29.7 ppm; UV-vis (CH2Cl2) λmax, (log ε): 
393.7 (4.74), 589.6 (4.30), 641.7 (4.25) nm; fluorescence emission (λexcitation = λSoret) 
(CH2Cl2) λ: 650 nm; HR-MS (ESI+, 100% CH3CN, TOF): calculated for C41H10F20N4NaO2 
[M+Na]+ 993.0377, found 993.0338. 
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4.3.4.1 meso-Tetrakis(pentafluorophenyl)-2,9,13-trioxa-3,7,12-trioxopyro-
corphin (0EƎƎ) 
 
Figure 4-28. UV-vis (solid red trace) and fluorescence (solid purple trace) spectra of 0EƎƎ 
(CH2Cl2); λexcitation = λSoret 
 
 
Figure 4-29. UV-vis spectra of 0EƎƎ; solid black trace with CH2Cl2, solid green trace with 10% 
TFA/CH2Cl2 and solid purple trace with 10% TEA/CH2Cl2 
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Figure 4-30. 1H NMR (400 MHz, CDCl3, 25 °C) spectrum of compound 0EƎƎ 
 
 
Figure 4-31. D2O exchange 1H NMR (400 MHz, CDCl3, 25 °C) of compound 0EƎƎ, black solid 
trace before D2O, red solid trace after D2O exchange 
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Figure 4-32. 19F NMR (376 MHz, CDCl3, 25 °C) spectrum of compound 0EƎƎ 
 
 
Figure 4-33. 13C NMR (100 MHz, CDCl3, 25 °C) of compound 0EƎƎ 
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Figure 4-34. FT-IR spectrum (neat, diamond ATR) of compound 0EƎƎ 
 
4.3.4.2 Mixture of meso-Tetrakis(pentafluorophenyl)- 2,7,12-trioxa-3,8,13-
trioxopyrrocorphin (0EEE, major product) and 2,8,12-trioxa-3,7,13-trioxo-
pyrrocorphin (0EƎE, minor product) 
 
Figure 4-35. UV-vis (solid red trace) and fluorescence (solid purple trace) spectra of 0EEE:0EƎE 
(2:1) (CH2Cl2); λexcitation= λSoret 
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Figure 4-36. UV-vis spectra of 0EEE:0EƎE (2:1); solid black trace with CH2Cl2, solid green trace 
with 10% TFA/CH2Cl2 and solid purple trace with 10% TEA/CH2Cl2 
 
 
 
Figure 4-37. 1H NMR (400 MHz, CDCl3, 25 °C) spectrum of compound 0EEE:0EƎE (2:1) 
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Figure 4-38. D2O exchange 1H NMR (400 MHz, CDCl3, 25 °C) of compound 0EEE:0EƎE (2:1), 
black solid trace before D2O, red solid trace after D2O exchange 
 
 
 
Figure 4-39. 19F NMR (376 MHz, CDCl3, 25 °C) spectrum of compound 0EEE:0EƎE (2:1) 
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Figure 4-40. 13C NMR (100 MHz, CDCl3, 25 °C) of compound 0EEE:0EƎE (2:1) 
 
 
Figure 4-41. FT-IR spectrum (neat, diamond ATR) of 0EEE:0EƎE (2:1) 
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4.3.4.3 2,7,12,17-Tetrakis(pentafluorophenyl)-17-one-bilinamide (12) 
 
Figure 4-42. UV-vis (solid red trace) and fluorescence (solid purple trace) spectra of 12 (CH2Cl2); 
λexcitation = λSoret 
 
 
 
Figure 4-43. 1H NMR (400 MHz, CDCl3, 25 °C) spectrum of compound 12 
N
N
OO
H2N
N
C6F5
C6F5
C6F5C6F5 H H
N
N
OO
H2N
N
C6F5
C6F5
C6F5C6F5 H H
Chapter 4. Oxidative Conversions of Porphyrin to Pyrrocorphins and Pyrrocorphinlactones 
 
 
230 
 
 
Figure 4-44. 19F NMR (376 MHz, CDCl3, 25 °C) spectrum of compound 12 
 
 
Figure 4- 45. 13C NMR (100 MHz, CDCl3, 25 °C) of compound 12 
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